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PREFACE TO THE THIRD EDITION 


ook was piiblislied in the fall of 1910. It was the first 
:caii book in its held that had appeared in twenty years, 
only new in time, it was new in plan. The present edition, 
esents a third printing, thus demands careful revision, 
vision has been comprehensive and has unfortunately 
increased the size of the book — a defect which further 
however, permit to be overcome. Such errors in statement 
iphy as have been discovered have been eliminated, 
methods of presentation have been adopted wherever 
a was possible. Answers to many of the numerical prob- 
now been incorporated, and additional problems set. 
led treatment has been given the kinetic theory of gases 
)W of gases; and results of recent studies of the properties 
.ave been discussed. There will be found a brief study of 
,por mixtures, undertaken with special reference to the use 
s in heat engines. The gas engine cycle has been subjected 
ysis which takes account of the varying specific heats of 
The section on pressure turbines has been rewritten, as 
he whole of Chapter XV, on results of engine tests — the 
r an entirely new plan. A new method of design of com- 
bines has been introduced. Some developments from the 
5 practice of the past three years are discussed — such as 
)ndenser constants; Clayton's studies of cylinder action 
ilieation to the Him analysis and the entropy diagram), 
phrey internal combustion pump, the Stumpf uniflow 
d various gas-engine cycles. The section on absorption 
f refrigeration has been extended to include the method 
ing a heat balance. Brief additional sections on applica- 
te laws of gases to ordnance and to balloon construction 
fcted. A table of symbols have been prefixed to the text, 


In spite of these changes, me nuiucuvi; inrun.. ^ .. 

the largest extent that has seemed practicnbk'. Tlu' limcddu 
book is to lead the student from what is th(^ simplt'^ and ohvmus 
fact of daily experience to the coinpreli(aisiv(} gvnerali’/atinn. 
seems more useful than the reverse procedun!. 


ll.S 


Polytechnic Institute op Brooklyn, 
New York, 1913 . 


PREFACE TO THE FIRST EDITION 


“ Applied Thermodynamics ” is a pretty broad title ; bnt it is 
intended to describe a method of treatment rather than unusual 
scope. The writer’s aim has been to present those fundamental 
principles which concern the designer no less than the technical 
student in such a way as to convince of their importance. 

The vital problem of the day in mechanical engineering is that 
of the prime mover. Is the steam engine, the gas engine, or the 
turbine to survive? The internal combustion engine works with 
the wide range of temperature shown by Carnot to be desirable ; 
but practically its superiority in efficiency is less marked than its 
temperature range should warrant. In most forms, its entire charge, 
and in all forms, the greater part of its charge, must be compressed 
by a separate and thermally wasteful operation. By using liquid 
or solid fuel, this complication may be limited so as to apply to the 
air supply only ; but as this air supply constitutes the greater part 
of the combustible mixtui’c, the difficulties remain serious, and there 
is no present means available for supplying oxygen in liquid or solid 
form so as to wholly avoid the necessity for compression. 

The turbine, with superheat and high vacuum, has not yet 
surpassed the best efficiency records of the reciprocating engine, 
although commercially its superior in many applications. Like the 
internal combustion engine, the turbine, with its wide temperature 
range, has gone far toward offsetting its low efficiency ratio ; where 
the temperature range lias been narrow the economy has been low, 
and when running non-condensing the efficiency of the turbine has 
compared unfavorably with that of the engine. There is promise 
of development along the line of attack on the energy losses in the 
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replace all theory by empiricism and that other class of treatises 
which are too apt to ignore the engineering significance of their 
vocabulary of differential equations. We here aim to present ideal 
operations, to show how they are modified in practice, to amplify 
underlying jDrinciples, and to stop when the further application of 
those principles becomes a matter of machine design. Thermo- 
dynamics has its own distinct and by no means narrow scope, and 
the intellectual training arising from its study is not to be ignored. 
We here deal only with a few of its engineering aspects ; but these, 
with all others, hark back invariably to a few fundamental princi- 
ples, and these principles are the matters for insistent emphasis. 
Too much anxiety is sometimes shown to quickly reach rules of 
practice. This, perhaps, has made our subject too often the barren 
science. Rules of practice eternally change ; for they dej^end not 
alone on underlying theory, but on conditions current. Our theory 
should be so sound, and our grasp of underlying principles so just, 
that we may successfully attack new problems as they arise and 
evolve those rules of practice which at any moment may be best 
for the conditions existing at that moment. 

But if Thermodynamics is not differential equations, neither 
should too much trouble be taken to avoid the use of mathematics 
which every engineer is supposed to have mastered. The calculus 
is accordingly employed where it saves time and trouble, not else- 
where. The so-called general mathematical method has been used 
in the one application where it is still necessary ; elsewliere, special 
methods, which give more physical significance to the things de- 
scribed, have been employed in preference. Formulas are useful 
to the busy engineer, but destructive to the student; and after 
weighing the matter the writer has chosen to avoid formal definitions 
and too binding symbols, preferring to compel the occasionally 
reluctant reader to grub out roots for himself — an excellent exer- 
cise which becomes play by practice. 

The subject of compressed air is perhaps not Thermodynamics. 


plienomena ; a brief exposition of multiple-effect (listilliLlidii is p!'{'- 
sented; a limit is suggested for the efficiency <.)! the jiewcr gas 
producer; and, carrying out the general use of tlie entropy (liagniin 
for illustrative purposes, new entropy chart.s have bcMui j)rcjianMl 
for ammonia, ether, and carbon dioxide. A large nmnhtM* of prol)- 
lems has been incorporated. Most of these sluruld worlnal with 
the aid of the slide rule. 

Further originality is not claimed. The subject has ])c.(‘n wiMcn, 
and may now be only re-presented. All standard works have been 
consulted, and an effort has been made to give credit for methods 
as well as data. Yet it would be impossible in this way-to fully 
acknowledge the benelicial influence of the writer’s i’orimu’ t t'neliers, 
the late Professor Wood, Professor J. E. Denton, and Dr. D. S. 
Jacobus. It may be sufficient to say that if there is a.ny thing good 
in the book they have contributed to it; and for what is not gotsl, 
they are not responsible. 

POLYTISrilMC IvSTITUTI': oi'' Bkooklyn, 

Niew Yoitic, AugiisL, 1910. 
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F = Fahrenheit; 
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R = Reaumur; 

= Radiation (Art. 25); 

= gas constant for air = 53.36 ft. lb. 

= 0.0686 B.t.u.; 

= ratio of expansion; 

P, p = pressure; usually lb. per sq. in. 

absolute; 

V, = volume, cu. ft: usually of 1 lb.; 

= velocity (Chapter XIV); 

F, ^ = temperature, usually absolute; 

T = heat to produce change of tem- 
perature (Art. 12); 

^ = change of internal energy; 

/ = disgrcgation work; 

Q, /?=heat absorbed or emitted; 

= total heat above 32° of 1 lb. of 
dry vapor; 

/'i = heat emitted; 

= heat of liquid above 32° F; 

= head of liquid; 
c = constant; 

= specific heat; 
s = specific heat; 
r = gas constant (Ai’t. 52); 

= internal heat of vaporization; 

= ratio of expansion; 

^ = specific heat; 

dH 

Y-= entropy; 


34.5 lbs. water per hour from and at 212° 
F. = 1 boiler H.P.; 

42.42 B.t.u. per min. = 1 H.P.; 

2545 B.t.u. per houi’ = l H.P.; 

17.59 B.t.u. per minute = 1 watt; 
w, W = weight (lb.); 

W = external mechanical work; 
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Z = specific heat at constant volume; 
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n= poly tropic exponent; 
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“external work of vaporization; 
pm “mean effective pressm-e; 
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H.P. “horse-power; 
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“32.2; 
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Fahrenheit zero; 

L“heat of vaporization; 
a: “dryness fraction; 

/'’“factor of evaporation; 
ris= entropy of dry steam; 
rze“ entropy of vaporization; 
nw = entropy of liquid. 
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CHAPTER I 


THE NATURE AND EFFECTS OF HEAT 

1 . Heat as Motive Power. All artificial motive powers derive their 
origin from heat. Muscular effort, the forces of the waterfall, the wind, 
tides and waves, and the energy developed by the combustion of fuel, may 
all be traced back to reactions induced by heat. Our solid, liquid, and 
gaseous /aeZs are stored-up solar heat in the forms of hydrogen and carbon. 

2 . Nature of Heat. We speak of bodies as “hot” or “cold,” referring 
to certain impressions which they produce upon our senses. Common 
experimental knowledge regarding heat is limited to sensations of temper- 
ature. Is heat matter, force, motion, or position ? The old “ caloric ” 
theory was that “heat was that substance whose entrance into our bodies 
causes the sensation of warmth, and whose egress the sensation of cold.” 
But heat is not a “ substance ” similar to those with which we are familiar, 
for a hot body weighs no more than one which is cold. The calorists 
avoided this difficulty by assuming the existence of a weightless material 
fluid, caloric. This substance, present in the interstices of bodies, it was 
contended, produced the effects of heat; it had the property of passing 
between bodies over any intervening distance. Friction, for example, de- 
creased the capacity for caloric; and consequently some of the latter 
“flowed out,” as to the hand of the observer, producing the sensation of 
heat. Davy, however, in 1799, proved that friction does not diminish the 
capacity of bodies for containing heat, by rubbing together two pieces of 
ice until they melted. According to the caloric theory, the resulting water 
should have had less capacity for heat than the original ice : but the fact is 
that water has actually about twice the capacity for heat that ice has ; or, 
in other words, the specific heat of water is about 1.0, while that of ice is 
0.504. The caloric theory was further assailed by Eumford, who showed 
that the supply of heat from a body put under appropriate conditions was 
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boiling water by the heat thus generated. He argued that “anything 
which any insulated body or system of bodies may continue to famish without 
li’mitation cannot possibly be a material substance.’' The evolution of heat^ 
it was contended, might continue as indefinitely as the generation of 
sound following the repeated striking of a bell (1).* 

Joule, about 1845, showed conclusively that mechanical energy 
alone sufficed for the production of heat, and that the amount of heat 

generated tvas ahoays proportionate to the 
etiergy expended. A view of his apparatus 
is given in Fig. 1, v and h being the verti- 
cal and horizontal sections, respectively, of 
the container shown at e. Water beino* 

CD 

placed in a rotary motion of the contained 
brass paddle wheel was caused by the de- 
scent of two leaden weights suspended by- 
cords. The rise in temj)erature of the 


Fig. 1. Arts. 2, 30. — Joule’s A 2 jparatus. 

water was noted, the expended work (by the falling weights) com- 
puted, and a proper correction made for radiation. Similar experi- 
ments were made with mercury instead of water. As a result of 
his experiments. Joule reached conclusions which served to finally 
overthrow the caloric tlieory. 

3. Mechanical Theory of Heat. Various ancient and modern 







but motion.” Young argued, “If heat be not a substance, it must 
be a quality; and this quality can only be a motion.” This is the 
modern conception. Heat is energy : it can perform work, or pro- 
duce certain sensations ; it can be measured by its various effects. 
It is regarded as “ energy stored in a substance by virtue of the state 
of its molecular motion” (2). 

Concediug that heat is energy, and remembering the expression for energy, 

I it follows that if the mass of the jiarticle does not change, its velocity (molec- 
ular velocity) must change; or if heat is to include potential energy, then the 
molecular configuration must change. The molecular vibrations are invisible, and 
tlieir precise nature unknown. Rankiue’s theory of molecular vortices assumes a 
law' of vibration which has led to some useful results. 

Since heat is energy, its law^s are those generally applicable to energy, 
as laid down by Hewton: it must have a commensurable value; it must 
he convertible into other forms of energy, and they to heat; and the 
equivalent of heat energy, expressed in mechanical energy units, must be 
constant and determinable by experiment. 

4. Subdivisions of the Subject. The evolutions and absorptions 
of heat accompanying atomic combinations and molecular decompo- 
sitions are the subjects of thermochemistry. The mutual relations of 
heat phenomena, with the consideration of the laws of heat trans- 
mission, are dealt with in general physics. The relations between 
heat and mechanical energy are included iii the scope of applied engi- 
neering thermodynamics.^ which may he defined as the science of the 
mechanical theory of heat. While thermodynamics is thus apparently 
only a subdivision of that branch of physics which treats of heat, the 
relations which it considers are so important that it ma)^ he regarded 
as one of the two fundamental divisions of physics, which from this 
standpoint includes mechanics — dealing with the phenomena of 
ordinary masses — and thermodynamics — treating of the phenomena 
of molecules. Thermodynamics is the science of energy. 

5. Applications of Thermodynamics. The subject has far-reaching 
applications in physics and chemistry. In its mechanical aspects, it deals 


matters fundamental to tlu>. Afler -d-.r 

laws and dwelling briefly upon i.b'al uv :n- 

tions affecting the efficiency and capacily air. ’M s ■ 
and the steam turbine; togetluir with tin- ceommiir.; n 
distillation, refrigeration, and gaseous liquelaelmu. 
ueering application of thermodyminiies is in Ihe m ■; 
cation winch becomes attractive when viewed in iis ja.! 
of money and a mode of conservation id onr maleii.n a. 

6. Temperature. A hot body, in eoniimm iair'a.. 
temperature is higli, while a cold hoily is one hm in u 
peratiire, then, is a measure of the //o/z/r.sv; of iMidm ;. 1 

perature, we infer an accession id healp or IrnKi e 
a loss of heat.* Temperature is not, howev.T. a : .u i ! 
ipiantities of heat. A pound (jf waler at L’dii rinn.i!!! 
heat than a pound of lead at llii’saiiu' lempi'rai lif . m 
stratcd hy successively eonling the hodio.s in ;i b.ult !.• • ' 
])eratiire, and noting the gain of heat hy Ihe b.iih. i o' 
(puiiitities of heat are ahsorheil hy hodies in p:i:.MM" n 
liquid or from tlie liipiid to Ihe vaporous I'oiidiiiMn , 

in temperature wliatever. Temperal lire ilolino ; •' 

It is ft 'mans lire of lha ('upucili/ of llif limli/ fur , n 
hodias. Heat always jaisses ahndv id' nd;!!;'. - e, I 
it never passes of itself from a, eold hody in n h.u 
hodies of different temjieral.iires are in lliniii.d o; ■ 
change of heat takes ])]aee ; ihe cooler hod\ ab.‘ui,. 
hody, no matter which contains initially Ihe ■ ive.e : 
until the two are at the saiiui leuiper:ii nre, iM' ; ' ■ 

Tiro hodies are at the sanie tvmimrahny irhru H,, : 
iriiiisfer of heat hetmeen them-. Measiiivmeni -i ;. 
oral based upon arbitrary scales, stumhirdired b\ , 
physically established ‘Mixed ” point,. ( )i„. ,,| i i.',- , : . 
that minimum at which pure water boils wlien nn • : 
pressure of Iff.GhT Ih. ])(‘r sipinre imdi; \ i.', 1 

maximum temperature of nieli.iug ice ni nii)!,, o' , 

F. Our arbitrary seales of lemperalmv , .m' , • '■ , , 
of the fuiidaracutal idiysical uiiils of leic.ih ;iie: v. . 



ihe expansion of solids or of gases is sometimes utilized in the design of thermom- 
eters. Mercury and alcohol are the liquids commonly used. The former freezes at 
— 38° F. and boils at 675° F. The latter freezes at —203° F. and boils at 173° F. 
The mercury thermometer is, therefore, more commonly used for high tempera- 
tures, and the alcohol for low (2a). 

8. Thermometric Scales. The Fahrenheit tliermometer, generally 
employed by engineers in the United States and Great Britain, 
divides the space between tlie ‘Mixed points” (Art. 6) into 180 
equal degrees, freezing being at 32^ and boiling at 212°. The 
Centigrade scale, employed by chemists and jiliysicists (sometimes 
described as the Celsius scale), calls the freezing point 0° and the 
boiling point 100°. On the Reaumur scale, used in Russia and a 
few other countries, water freezes at 0° and boils at 80°. One de- 
gree on the Fahrenheit scale is, therefore, equal to |° C., or to |° R. 
In making transformations, care must be taken to regard the differ- 
ent zero point of the Fahrenlieit tliermometer. On all scales, tem- 
peratures below zero are distinguished by the minus ( — ) prefix. 

Tlie Centigrade scale i.s unquestionably .superior in facilitating arithinetical 
calculation, s; but as most Engl i.sli paper-s and tables are published in Fahrenheit 
units, we miust, for the present at least, use that scale of temperatures. 

9. High Temperature Measurements. For jnoasuring tenqieratures above 
800 ’F., some foi'in of pyrometer mu.st be employed. The simplest of these is the 
vietallic piiromeler, exemplifying the principle that different metals exiiand to dif- 
ferent extents when lieated through the same raiige of temperature. Bars of iron 
and brass are firmly connected at one end, the other ends being free. At some 
standard temperature the two bars are of the same length, and the indicator, con- 
trolled jointly by the two free ends of the bars, regi.sters that temperature. When 
tiie temperature changes, the indicator is moved to a new position by the relative 
distortion of the free ends. 

In the Le Chaicller electric pyrometer, a thermoelectric couple is employed. For 
temperatures ranging from 300° C. to 1500° C., one element is made of platinum, 
the other of a 10 per cent, alloy of platinum with rhodium. Any rise in tempera- 
ture at the junction of the elements induces a flow of electric current, which is con- 
ducted by wires to a galvanometer, located in any convenient ]io.sition. The ex- 
pensive metallic elements are protected from oxidation by enclosing porcelain 
tubes. In the Bristol thermoelectric in.struinent, one element i.s of a platinum- 
rhodium alloy, the other of a cheaper metal, d'he electromotive force is indicated 
by a Weston millivoltmeter, graduated to I’cad temperatures directly. The in- 



of which is to be ascertained. The resistance i.s nicasiiivd l>_v a \\ ’ 
a galvanometer, or a jJotentiomeler, calilirateil In n-aii ' i 
Each instrument must be separately calibraled. 

Optical pyrometers are ba.sed on llu! pi'ini‘i|ile llml. ftn- i "! •• 
with their temperatures (2d). In the il/urec nl I In ■ ( \ | < , 

lamp is wired in circuit with a rheoslat and a niilliv«i|liii''!i'i. 1 i • 
between the eye and the object, and tin* tnirn'iif is ri";ii!,!!« d nr/ 
comes invisible. The tenipcratiin; i.s thini I'cad dir'‘ftl\ ii.. ns fin- 
voltmeter. The device is extensively used ill hardenin': ; !- '■! f---; 
employed to measure the temperatures in sleani ImiliT iimi.c >■ . 

10. Cardinal Properties. A mnUmil nr /. 

substance is any property Avbich i.s riilly ilrjintJ /.y f? 
state of the substance. Tints, lis- 

carclinal projierties. On the other haiul, onsi i-. a m.ti . .1 
erty; the co.st of a siibstaiiee (fiiimot he thdonuiiu-.i !■-, 
of that substance; it depend, s upon lln* Jll'i'Cli.ltS 
stance. Ajiy two or three (i/iriliiiut j>r>ljll'rtil,^ ,/t ./ . . - * 
used as coordinates in a (jraphle rrprrsnitiitiu/i //,, ■ . 

stance. Properties not eardiinil niiiy n.it ho :.m 0 . .i. :■ 
properties do not determine, nor arc. (hcv dotn niin.ii.:, ; 
ent state of the substance. The cardinal propniic:; c 
thermodynamics are five or six in number. * Threo nt t hi 
sure, volume, and temperature ; pre.ssiire lir-iio; im i.- • 

specific pressure^ or indfurm })r(‘ssure pci' iinii nf -.ir. ! . 

upon the body, and volume to mean volume per unis d un 
location of any point in .space is fuHv dclorinui.-d h-, ,< - 

nates. Similarly, any mri//nn/ y . 

condition of a substance. 

I Ihcriiiiidy imuiif • ■ > 

tl'u kimw !i, I hi- < . , , , . 
imd be jir.i\,.ii ,j , 

( d llor 1 . 

' '‘I'uhirm In . , 

VC arc \ , 


The first general principle oi 
three named cardinal properties a 
late the third. This ])i'ineiple i-ai 
fied by its results iu practice. 
pressure, volume, and tcmperatiirf 
(Art. 109); with these jiroperties \ 


snjdnvod in 
".0 a: r p; 

■irh.f 1 


With other vapors, the pressure may be expressed as a function of the 
temperature, while the volume depends both upon the temperature and 
upon the proportion of liquid mingled Avith the vapor, 

11. Preliminary Assumptions. The greater part of the subject 
deals with substance.s assumed to be m a state of mechanical equilibrium^ 
all changes being made Avith infinite sloAvness. A second assumption 
is that no chemical actions occur during the thermodynamic trans- 
formation. In the third place, the substances dealt with are assumed 
to be so homogeneous, as to be in uniform thermal condition through- 
out : for example, the pressure property must involve equality of 
pressure in all directions; and this limits the consideration to the 
properties of liquids and gases. 

Tlie therinodynaiuics of solids is extremely complex, because of the obscure 
stresses accompanying their deformation (d). Kelvin (4) has presented a general 
analysis of the action of any homogeneous solid body homogeneously strained. 

12. The Three Effects of Heat. Setting aside the obvious un- 
classified changes in pressure, volume, and temperature accompanying 
manifestations of heat energy, there are three known ways in which 
heat may be expended. They are : 

(a) In a change of temperature of the substance. 

(5) In a change of physical state of the substance. 

(c) In the performance of external Avork by or upon the substance. 
Denoting these effects by T, I, and IVi, then, for any transfer of heat 
IT, Ave have the relation 

H=T + I + W, 

any of the terms of Avhich expression maybe negative. It should be 
quite obvious, therefore, that changes of temperature alone are in- 
sufficient to measure expenditures of heat. 

Items (a) and (b) are sometimes grouped together as indications 
of a change in the INTERNAL ENERGY (symbol E) of the heated 
substance, the term being one of the first importance, which it is 
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essential to clearly apprehend. Items (J)) and (c) are similarly some- 
times combined as representing the total work. 

13. Tie Temperature Effect. Temperature indications of heat activity are 
sometimes referred to as “ sensible heat.” The addition of iieat to a substance 
may either raise or lower its temperature, in accordance \Yith the fundamental 
equation of Art. 12. 

The temperature effect of heat, froan the standpoint of the mechanical 
theory, is due to a change in the vdocitij of molecular motion, in conse- 
quence of 'which tlie kinetic energy of that laiotion changes. 

This effect is therefore someLiines referred to as vibration work. Clausius 
called it actual energy. 

14. External Work Effect. Tlio exj'iansion of solids and flnid.s, clue to the.sui3ply 
of heat, is a familiar pheaiomenon. Heat may cause either expansion or contraction, 
which, if exerted against a resistance, may sudice to xierform mechanical work, 

15. Changes of Physical State. Broadly speaking, such effects 
include all changes, otlier than those of temperature, within the sub- 
stance itself. The most familiar examples are the change between 
the solid and the liquid condition, Avhen the substance melts or 
freezes, and that between the liquid and the vaporous, wlien it boils 
or condenses ; but there are intermediate changes of moleeular aggrega- 
tion ill all material bodies which are to be clas.sed witli tliese effects 
under the general description, disgregation work. The mechanical 
theory assumes that in such changes the molecules are moved into 
new positions, with or against the lines of mutual attraction. These 
movements are analogous to the “partial raising or lowering of a 
weight Avliicli is later to be caused to perform work by its own descent. 
The potential energy of the substance is thus changed, and positive 
or negative work is performed against internal resisting forces.” 

When a substance changes its physical state, as from water to steam, it 
can he shown that a very considerable ainount of external work is done, in 
consequence of tlie increase in volume which occurs, and which may be 



JLXIJK iNA.iun,ii, AiMJ Ul? illilAl 


,y 


16. Solid, Liquid, Vapor, Gas. Solid bodies are those which resist tendencies 
to change their form or volume. Liquids are those bodies which in all of their 
parts, tend to preserve definite volume, and which are practically unresistant to 
influences tending to slowly change their figure. Gases are unresistant to slow 
changes in figure or to increases in volume. They tend to expand indefinitely so 
as to completely fill any space in which they are contained, no matter what the 
shape or the size of that space may be. Most substances have been observed in 
all three forms, under appropriate conditions ; and all substances can exist in any 
of the forms. At this stage of the discussion, no essential difference need be 
drawn between a vapor and a gas. Formerly, the name vapor avus applied to 
those gaseous substances which at ordinary temperatures Avere liquid, Avliile a 
“gas”Avas a substance never observed in the liquid condition. Since all of tlie 
so-called “permanent” gases have been liquefied, tliis distinction has lost its force. 
A useful definition of a vapor as distinct from a true gas Avill be given later 
(Art. 380). 

Under normal atmospheric pressure, there exist Avell-defined tempera- 
tures at Avhich various substances pass from the solid to the liquid and 
from the liquid to the gaseous conditions. The temperature at which the 
former change occurs is called the melting point or freezing point ; that of 
the latter is knoAvn as the boiling point or temperature of condensation. 

17. Other Changes of State. Although the operation described as boiling 
occurs, for each liquid, at some definite temperature, there is an almost continual 
evolution of vapor from nearly all liquids at temperatures below their boiling 
points. Such “insensible” evaporation is with some substances non-e.xistent, or 
at least too small in amount to permit of measurement: as in the instances of mercur 3 " 
at 32° F. or of sulphuric acid at any ordinary temperature. Ordinarily, a liquid 
at a given temperature continues to evaporate so long as its partial vapor pressure 
is less than the maximum pressure corresponding to its temperature. The inter- 
esting phenomenon of sublimation consists in the direct passage from the solid to 
the gaseous state. Such substances as camphor and iodine manifest this property. 
Ice and snow also pass directly to a state of vapor at temperatures far below the 
freezing point. There seem to be no quantitative data on the heat relations accom- 
panying this change of state (see Art. 382 b). 

18. Variations in “ Fixed] Points.” Aside from the influence of pressure 
(Arts. 358, 603), various causes may modify the positions of the “fixed points” of 
the thermometric scale. Water may be cooled beloAv 32° F. without freezing, if 
kept perfectly still. If free from air, water boils at 270-290° F. Minute particles 
of air are necessary to start evaporation sooner; their function is pi’obably to aid 
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SYNOPSIS OF CHAPTER I 


Heat is the nniTersal source of motive power. 

Theories of heat : the caloric theory-heat is matter; the. meehaiiie; 
is molecular motion, mutually convertiblo with ineclnuiieal eiiei-y 
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Thekmochkmistrv, Thermodynamics. 
Thermodynamics : the mechanical theory of heat 
science of heat-motor efficiency. 


; in its eiigiueei'ing applii'.iti'iiu., 


Heat intensity, temperature: definition of, measurenumt ol ; pyrmuelei.s. 
Thermomctric scales : Fahrenheit, Centigrade, Reaumur; fixed puiiils and il 


variations. 

Cardinal properties : pressure, volume, temperature ; /’F - (/) T. 

Assumptions: uniform thermal condition ; no chemical action ; nieelianieal i'i|uilil'iit 
Effectsoflieat: H=T+I+W-, T-pI = H = “ internal energy ”; IP external work 
Changes of physical state, perceptible and mperccptiblr : I = disgrega.lion work. 
Solid, liquid, vapor, gas: melting point, hoiliag point; insensihlo cvaporain 
sublimation. 


PROBLEMS 


1. Compute the freezing points, on the Centigrade .scale, of nierenry ami alcol 
(Aas., mercury, —38.9°: alcohol, — 130.t3°.) 

2. At what temperatures, R6aumur, do alcohol and mere.nry lioill' (.•Id.'.'., n 
cury, 280.8°: alcohol, 62.7°.) 

3. The normal temperature of the human body is tis.ll" iL I'lxpre.ss in Cent iur, 
degrees. (A.?zs., 37° C.) 

4. At what temperatures do the Fahrenheit and Centigrade tlmrnionn'lor.s r 
alike? (Mas., — 40°.) 

5. At what temperatures do the Fahrenheit and RCiunmr thcrnioinctor.s r 
alike? (A 71 . 5 ., —25.0°.) 

'6. Express the temperature -273° C. on the Fahrenheit and ROaunmr ,sca 
(Has., -459.4° F.: -218.4° R.) 


CHAPTER II 


THE HEAT UNIT: SPECIFIC HEAT: FIRST LAW OF 
THERMODYNAMICS 

19 . Temperature — Waterfall Analogy. The difference between temperature 
and quantity of heat may be apprehended from the analogy of a waterfall. Tem- 
perature is like the head of -water; the energy of the fall depends upon the head, 
but cannot be computed without knowing at the same time the qiimtily of water. 
As waterfalls of equal height may differ in power, while those of equal power may 
differ in fall, so bodies at like temperatures may contain different quantities of 
heat, and those at unequal temperatures maybe equal in heat contents. 

20 . Temperatures and Heat Quantities. If we mix equal weights of 
water at different temperatures, the resulting temperature of the mix- 
ture will be very nearly a mean bet\veeii the two initial temperatures. 
If the original weights are itnequal, then the final temperature will be 
nearer that initially held by the greater weight. The general principle of 
transfer is that 

The loss of heat by the hotter water will equal the gain of heat by the 
colder. 

Thus, 5 lb. of water at 200° mixed with 1 lb. at 104° gives 6 lb. at 
184°; the hotter water having lost 80 “pound-degrees/’ and the colder 
water having gained the same amount of heat. If, however, we mix the 
5 lb. of hot water with 1 lb. of some other substance — say linseed oil — 
the resulting temperature will not be 184°, but 194.6°, if the initial tem- 
perature of the oil is 104°. 

21 . General Principles. Before proceeding, we may note, in addition to the 
principle just laid down, the following laws which are made apparent by the ex- 
periments described and others of a similar nature : 

(a) In a homogeneous substance, the movement of heat accom- 
panying a given change of temperature * is proportional to the 
weio’ht of the substance. 



temperature is not necessarily the same for equal intervals at all 
parts of the tliermometric scale; thus, water cooling from 200° to 
105° does not give out exactly the same quantity of heat as in cool- 
ing from 100° to 95°. 

(c) Tlie loss of heat during cooling through a stated range of 
temx)erature is exactly equal to the gain of heat during warming 
through the same range. 

22 . The Heat Unit. Changes of temperature alone do not measure heat quan- 
tities, hecaiise heat p)roduces otlier effects than that of temperature change. If, 
however, we jilace a body under “standard” conditions, at which these other 
effects, if not known, are at least constant, then we may define a unit of quantity 
of heat by reference to the change in temperature which it produces, understaud- 
ing that there may be included perceptible or imperceptible changes of other 
kinds, not affecting tlie constancy of value of the unit. 

The British Thermal Unit is that quantity of heat which is expended in 
raising the temperature of one pound of water (or in producing other effects 
during this change in temperature) from 62° to 63° F.* 

'I'o heat water over this range of temperature requires very nearly the same 
expenditure of heat as is necessary to warm it 1° at any point on the thennometric 
scale. In fact, some writers define the heat unit as that quantity of heat necessary 
to change the temperature from -39.1° (the temperature of maximum density) to 
d0.1°. Others use the ranges 32° to 33°, 59° to 60°, or 39° to 40°. The range first 
given is that most recently adopted. 

23. French Units. The French, or C. G. S. unit of heat is the 
calorie, the amount of heat necessary to raise the temperature of one 
kilogram of water 1° C. Its value is 2.2046 x = 3.96832 B. t. u,, and 
1 B. t. u. = 0.251996 cal. The calorie is variously measured from 4° to 
5° and from 14.5° to 15.5° C. The gram-calorie is the heat required to 
raise the temperature of one gra??i of neater 1° C. The Centigrade heat 
unit measures the heat necessary to raise one potind of water 1° C. in 
temperature. 

24. Specific Heat. Reference was made in Art. 20 to the different heat 
capacities of different substances, e.g. water and linseed oil. If we mix 
a stated quantity of -water at a fixed temperature successively with equal 
weights of various materials, all initially at the same temperature, the 
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rise of temperature of unit weight of these various materials represents a 
different expenditure of lieat in each case. 

The property by virtue of wliioh materials differ in this respect is 
that of specific heat, which may be defined as the quantity of heat 
necessary to raise the temperature of unit weight of a body through one 
degree. 

The specific heat of water at standard temperature (Art. 22) is, meas- 
ured in B.t. u., 1.0 ; generally speaking, its value is slightly variable, as is 
that of all substances. 

Rankine’.s definition of specific heat is illustrative; “the specific heat of any 
substance is the ratio of tlie weight of water at or near F. F.] ^Yhich 

has its temperature altered one degree by the transfer of a given quantity of heat, 
to the weight of the other substance under considei-atioii, which has its temperature 
altered one degree by the transfer of an equal (quantity of heat.” 

25. Mixtures of Different Bodies. If the weights of a group of 
mixed bodies be X, Y, Z, etc., their specific heats a;, y, z, etc., their ini- 
tial temperatures f, %i, v, etc., and the final temperature of the mixture 
be m, then we have the following as a general equation of thermal equi- 
librium, in winch any .quantity may be solved for as an unknown: 

xX{t — m) + y F(k — m) -f zZ{v — m) • • • =0, 

This illustrates the usual method of ascertaining the specific heat of any 
body. When all the specific heats are known, the loss of heat to sur- 
rounding bodies may be ascertained by introducing the additional term, 
-f 72, on the left-hand side of this equation. The solution will usually 
give a negative value for 72, indicating th.at surrounding bodies have, 
absorbed rather than contributed heat. The value of 72 will of course be 
expressed in heat units. 

26. Specific Heat of Water. The specific heat of water, according 
to Kowland’s experiments, decreases as the temperature is increased 
from 39.1° to 80° T., at which latter temperature it reaches a minimum 
value, afterward increasing (Art. 359, footnote). The variation in its 
value is very small. The approximate specific heat, 1.0, is high as com- 
pared with that of almost all other substances. 

•27. Problems Involving Specific Heat. The quantity of heat re- 
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If the body is cooled, then m, the final temperature, is less than t, and the sign ot 
If is — ; if the body is ■warmed, the sign of //is +, indicating a reception of heat. 

28. Consequences of the Mechanical Theory. The Mechanical Equivalent 
of Heat. Even before Joule’s formulation (Art. 2), Rumford’s ex- 
periments had sufficed for a comparison of certain effects of heat 
with an expenditure of mechanical energy. The i)ower exerted by the 
Bavarian lioi’ses used to drive his machinery is uncertain; but Alexander 
has computed the approximate relation to have been 847 foot-pounds = 
1 B. t. u. (1), wliile another writer fixes the ratio at 1034, aud Joule cal- 
culated the value obtained to have been 849. 

Carnot’s w'ork, although based tlironghoufc on the caloric theory, show^s evident 
doubts as to its validity. This writer suggested (1S21) a rei->etition of Rumford’s 
experiments, with jirovision for accurately measuring tlie foj-ce employed. Using 
a method later employed by jMayer (Art. 29) be calculated that “0.011 units 
of motive 20 owei-” w^ere equivalent to “550 units of heat”; a relation which 
Tyndall comioutes as rejweseutiug 370 lulogram-meters i:>ev calorie, or 676 foot- 
pounds per B. t, u. Montgolfier and Seguiii (1830) may possibly have anticipated 
Mayer’s analysis. 

29 . Mayer’s Calculation. This obsciire German physician published in 1842 
(2) his calculation of the mechanical equivalent of heat, based on the difference 
ill the specific heats of air at' constant pressure and constant volume, giving 
the ratio 771.4 foot-pounds per B. t. u. (Art. 72). This was a substantially correct 
result, though given little consideration at the time. Mayer had jireviously made 
rough calculations of equivalence, one being based on the rise of temperature 
occurring in the “ beaters ” of a paper mill. 

30. Joule’s Determination. Joule, in 1843, presented the first of his 
exhaustive papers on the subject. The usual form of apx)aratus employed 
has been shown in Fig. 1. In the appendix to his paper J oule gave 770 as 
the best value deducible from his experiments. In 1849 (3) he presented 
the figure for many years afterward accepted as final, viz. 772. 

In 1878 an entirely new set of experiments led to the value 772.55, which 
Joule regarded as probably slightly too low. Experiments in 1857 had given the 
values 74:5, 753, and 766. Most of the tests were made with water at about 60° F. 
This, -with, the value of y at Manchester, where the experiments were made, in- 
cliodit. correctioiis to reduce the results to standard conditions f41. 
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independently calculated the equivalence by IMayer’s method. By 1847 the reality 
of tlie numerical relation had been so thoroughly established that little more was 
heard of the caloric theory. Clausius, following Mayer, in 1850 obtained wide 
circulation for the value 7 58 (7) . 

32. Hirn’s Investigation. Joule had employed mechanical agencies in the 
heating of water. Him, in 18G5 (8), described an experiment by which he trans- 
formed into heat the work expended in producing the impact of solid bodies. 
Two blocks, one of iron, the other of wood, faced with iron in contact with a lead 
cylinder, were suspended side by side as pendulums. The iron block was allowed 
to strike against the rvood block and the rise in temperature of water contained in 
the lead cylinder was noted and compared with the computed energy of impact. 
The value obtained for the equivalent was 775. 

Far more conclusive, tliougli less accurate, results were obtained 
by Plirn by noting that the beat in the exhaust steam from an engiiie 
cylinder was less than that which was present in the entering steam. 
It was shown by Clausius that the heat which had disappeared was 
always roughly proportional to the work done by tlie engine, the 
average ratio of foot-pounds to heat units being 753 to 1. This was 
virtually a reversal of Joule’s experiment, illustrating as it did the 
conversion of beat into work. It is the most striking proof we have 
of the equivalence of work and heat. 

33. Recent Practice. In 1876 a committee of the British Association for the 
Advancement of Science reviewed critically the work of Joule, and as a mean 
value, derived from his best GO experiments, recommended the use of the figure 
774.1, which was computed to be correct within In 1879, Rowland, having 
conducted exact experiments on the specific heat of water, carefully redetermined 
the value of the equivalent by driving a paddle wheel about a vertical axis at 
fixed S 2 :)eed, in a vessel of water jmevented from turning by counterbalance weights. 
The torque exerted by the q)addle was measured. This permitted of a calculation 
of the energy expended, which 'was com^Dared with the rise iu tem 2 :>erature of the 
water. Rowland’s value wms 778 , with water at its maximum density. This 
was regarded ns possibly slightly low (9). Since the date of Rowland’s work, the 
subject has been investigated by Griffiths (10), who makes the value somewhat 
greater than 778, and by Reynolds and Moorby (11), who report the ratio 778 as 
the mean obtained for a range of temperature from 32° to 212°. F. This they 
regard as q)ossibly 1 or 2 footq^ounds too low. 
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treatment by Helmholtz; the first satisfactory experimental verification 
by Joule.” The construction of the modern science on this foundation 
has been the work chiefly of Rankine, Clausius, and Kelvin. 

35. First Lavz of Thermodynamics. Heat and mechanical energy 
are mutually convertible in the ratio of 778 foot-pounds to the British 
thermal unit. 

This is a restricted statement of the general jDrinciple of the conservation of 
energy, a principle -which is itself probably not susceptible to proof. 

We have four distinct proofs of the first law : 

(a) Joule’s and Rowland’s experiments on the production of 
heat by mechanical work. 

(5) Hirn’s observations on the production of work by the ex- 
penditure of heat. 

(o’) Tlie computations of Mayer and others, from general data. 

(d) The fact that the law enables us to predict thermal proper- 
ties of substances wliieli experiments confirm. 

36. Wormeli’s Theorem. There cannot be two values of the mechanical 
equivalent of heat. Consider two machines, A and B, in the first of -which work 
is transformed into heat, and in the second of which heat is transformed into 
■woi'lc. Let J be the mechanical equivalent of heat for A, IF the amount of work 
which it con.sunie.s in producing the heat Q; tlien IF = JQ ov Q= W ~ J, Let 
this heat Q be used to drive the machine A, in which the niechanical equivalent 
of heat is, .say K. d’lien the work done by B is V — KQ~ KW -e J. Let this 
work be now’ exjjended in driving .1. It will produce heat B, such that JR = V 
or R = V -^J.* If this heat R be insed in B, work will be done equal to KR] but 

KR =KV^J^ TK 

Similarly, after 7i complete 23eriods of operation, all j^arts of the machines occiqty- 
ing the same positions as at the beginning, the work ultimately done by B will be 



If K is less than J, this expression will decrease as n increases; i.e. the system 
will tend continually to a state of rest, contrary to the first law' of motion. If K 
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FifiiiUtKMS 
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2. pill (I. I 
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8, A pouiitl or ^^ood coal will evolve 14,00U is. t. u. Assuming a tram resistance 
fif 11 lb. per ton of train load, hoiv far should one ton (2000 lb.) of coal burned in the 
locomotive without loss, propel a train weighing 2000 tons-’ If the locomotive weighs 
125 tons, how' high would one pound of coal lift it if fully utilized? 

(Alls., a, 187.2 miles; 6, 43.5 ft.) 

9. Find the number of Idlogram-meters equivalent to one calorie. (1 meter= 39.37 
in., 1 kilogram = 2.2046 lb.) {Ans., 426.8.) 

1 0. Tramsform the following formula (P being the pressure in kilograms per square 
meter, Ftlie volume in cubic meters ])er kilogram, T the Centigrade temperature 
plus 273), to English units, letting the pre.ssure be in pounds per square inch, the 
volume in cubic feet per pomid, and the temperature that on the Fahrenheit scale 
plus 459.4, and eliminating coefficients in places where they do not appear in the 
original equation : 

P'F=47.1 T-P(l+0.000002 P) F 0.031 (^\ ^-0.00521 . 


^Ans., PF=0.5962 r-P(l+0.00142^) 0.0833^ 


11 . There are mixed 5)- lb. of water at 204°, 3 J lb. of linseed oil at 105° and 21 lb. 
of a third substance al, 221''. The final temperature is 195° and the radiation loss is 
known to be 8.S B. t. u. IVliatis the specifie heat of the third substance? 



CHAPTER III 


LAWS OF GASES : ABSOLUTE TEMPERATURE : THE PERFECT GAS 

38. Boyle’s (or Mariotte’s) Law. The simplest thermodynamic 
relations are tliose exemplified by the so-called permanent gases. 
Boyle (Oxford, 16G2) and Mariotte (1676-1G79) separately emm- 
clated tlie priiiGi[)le that at constant temperature the volumes of gases 
are inversely proportional to their pressures. In other words, the 
product of the specific volume and the pressure of a gas at a given 
temperature is a constant. For air, which at 32° F. has a volume 
of 12.-387 cubic feet per pound when at normal atmospheric pressure, 
tlie value of the constant is, for this tomperaticre, 

144 xl4.7 X 12.387 = 2(3,221. 

Symbolically, if c denotes the constant for any given tempera- 
ture, 

pv = P H or, pv = c. 

Figure 2 represents Boyle’s law graphically, the ordinates being pres- 
sures per square foot, and the abscissas, volumes in cubic feet per pound. 
The curves are a series of equilateral hyperbolas,* plotted from the second 
of the equations just given, with various values of c. 

39. Deviations from Boyle’s Law. This experimentally determined j)rinciple 
was at first thought to apply rigorously to all true gases. It is now knowm to be 
not strictly correct for any of them, although very nearly so for air, hydrogen, 
nitrogen, oxygen, and some others. All gases may be liquefied, and all liquids 
naay be gasified. When far from the point of liquefaction, gases conform with 
Boyle's law. When brought near the liquefying point by the combined influences 
of high pressure and low temperature, they depart widelj'" from it. The four gases 
just mentioned ordinarily occur at far higher temperatures than those at which they 
will liquefy. Stearn, carbon dioxide, ammonia vapor, and some other well-known 



40 . Dalton’s Law, Avogadro’s Principle. Dalton lias been credited (though 
erroneou.sly) with tlie announcement of the law now known as that of Gay-Lussac 
or Charles (Art. 41). IVliat is properly known as Dalton’s law may be thus 
stated : A mixture of gases having no chemical action on one another exerts a pres- 
sure which, is the sum of the pressures which would be exerted by the component 
gases separately if each in turn occupied the containing vessel alone at the given 
temperature. 

The ratio of volumes, at standard temperature and pres.sure, in which two 
gases combine chemically is always a simple rational fraction (J, f, etc.). 
Taken in conjunction with the molecular theory of cliemical combination, this 
law leads to the pi-inciple of Avogadro that all gases contain the same number of 
molecules per unit of volume, at the same temperature and pressure. Dalton’s 
law has important thermodynamic relations (see Arts. 52 b, 382 b). 

At T T, \ 1, 
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dried. An index of mercury mn separated tire air from tlie external atmos- 
phere, while permitting it to expand. The vessel B was first filled with 
melting ice. Upon applying heat, equal in- 
tervals of temperature shown on the ther- 
mometer 0 were found to correspond with 
equal displacements of the index mn. When 
a pressure was applied on the atmospheric 
side of the index, the proportionate expansion 
of tlie air was shovm to he still constant for 
equal intervals of temperature, and to he equal 
to that observed under atmospheric pressure. 

Precisely the same results were obtained with Fig. 3. Arts. 41, 48. — Verifica- 
other gases. The expansion of dry air was tion of Charles Law. 
found to be 0.00375, or volume at the freezing point, for each 

degree C. of rise of temperature. The law thus established may be 
exiiressed ; 

For all gases, and at any pressure, maintained constant, equal increments of 
volume accompany equal increments of temperature. 

4:2. Increase of Pressure at Constant Volume. A second statement 
of this law is that all gases, when maintained at constant volume, 

undergo equal increases of 
pressure with equal increases 
of temperature. 

This is shown experimen- 
tally by tlie apparatus of Fig. 4. 
The glass bulb A contains the 
gas. It communicates with the 
open tube manometer Mm, 
Fig. 4. Arts. 42, 48. — Coefficient of Pressure. which measures the pressure 

A* is a tube containing mercury, 
in which an iron rod is submerged to a sufficient depth to keep the level 
of the mercury in m at the marked point a, thus maintaining a constant 
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A^olanio of a 1 )uuik 1 of gas at 32° F. Let temperatures and yolumes 
be represented, respectively, by ordinates and 
abscissas. According to Charles’ Law, if the 
pressui-e be constant, the volumes and tempera- 
tures will increase proportionately ; the volume 
ah increasing 2^3 each degree C. that the 
temperature is increased, and vice versa. The 
straight line che then represents the successive 
relations of volume and temperature as the gas 
is heated or cooled from tlie temperature at b. 
xVt tiic point c, -where this line meets the aT axis, 
the volume of the gas will be zero, and its temperature wall be 273° C., 
or F., lehjH' the freezing j^ohit. 


Fiu. 3. Arts. 44, S4. — 
Charles' Liuv. 


45. Absolute Zero. Tliis temperature of —459.4° F. suggests 
the absolute zero of tliennodynamics. All gases would liquefy or 
even solidify before reaching it. The lowest temperature as yet 
attained is about 450° F. below zero. The absolute zero thus experi- 
mentally conceived (a more strictly absolute scale is discussed later, 
Art. 150) furnishes a. convenient starting pr)int for the measure- 
ment of temperature, wdiich will be employed, unless otherwise s})eci- 
fied, in our remaining discussion. Absolute temperatures are those 
in ivliicli the zero point is the absolute zero. Their uumerical values 
are to he talcemfor the present, at 459.4° greater than those of the cor- 
responding Fahrenheit temperature. 

46. Symbolical Representation. Tlie coefFicients determined by Gay-Lussac, 
Charles, and liegiiaulfc were those for expansion from an initial volume of 32° F. 
If Ave take the volnine at this temperatnve as unity, then letting T represent the 
absolute temperature, we have, for the volume at any temperature, 

r= r- 491.4. 

Similarly, for the variation in pressure at constant volume, the initial pressure 
being unity, P= Z'-e 491.4. If rve let n denote tlie value 1 -4-491.4, tlie first 
exjire.ssioii becomes F = ciT, and the second, P = oT. Denoting temperatures 011 
the Fahrenheit scale by t, we obtain, for an initial A’olume v at 32° and any other 
TroUnnp. V norresnondintT to the temrieratin-R f. nrr}dtif’pd witTumt nhn.no-p. nf nrpssnrp 


i ne vajiie oi a ]s expenment-aJiy aeterinined to be very oeariy the same xor pres- 
siu'e changes as for volume changes ; the difference in the case of air being less 
than } of one per cent. The temperature interval hetween tlie melting of ice and 
the boiling of ’water being 180°, the ex2:)ansion of volume of a gas between those 


limits is 


ISO X 1 


491. d 

experiments of Regnault and Rudber 


0.365, whence Ilankine’s equation, originally derived from the 


PV 


= 1.365, 


]7l) 


in whicli P, R refer to the higher temperature, andp, v to the lower. 


47. Deviations from Charles' Law. The laws thus enunciated are now known 
not to hold rigidly for any actual gases. Tor hydrogen, nitrogen, oxygen, air, 
carbon monoxide, methane, nitric oxide, and a few others, the disagreement is 
ordinarily very slight. Fur carbon dioxide, steam, and ammonia, it is quite jn’o- 
nounced. The reason for this is that stated in Art. 3>y. The first four gases named 
have expansive coefficients, not only almost unvarying, bub almost exactly identical. 
They may be regarded as our most nearly perfect gases. For air, for example, 
Regnault found over a range of temperature of 180° F., and a I’ange of pressure 
of from 10.9.72 min. to 40.92.0.9 mm., an extreme valuation in the 
coeilicients of only 1.67 tier cent. For carbon dioxide, on the 
other hand, with the same range of temperatures and a de- 
creased pressure range 


of from 785,47 mm. 
to 4750.03 nun., the 
variation was 4.72 
per cent of the lower 
value (2). 






48. The Air Thermometer. The law of Chari o.s sug- 
gests a form of thermoincter far more accurate than the 
ordinary mercurial instrument. 
If Ave allow air to expaucl with- 
out change in pressure, or to 
increase its pressure Avitliout 
change in volume, then Ave have 
by measurement of the volume 
or of the pressure respectively a 
direct indication of absolute tem- 
perature 




Fig. (). Art. 48. — Air Tlier- 


The apparatus used Fig. 7. Art. 48.— 

^ ^ Pmefnn Ah’ 




bulb ui coutaiiis diy air, (■i)imiiuiiii'!ili‘:; !lirnn;;b a tub!’ 
of line bore with the kIioH, arm nF llo' m:inHiii<-i it bv 

means of which the ])r(^,ssuri' is iiieasiii'iMl. '1 hr h-v<-l i <! liif 

mei’ciuy is kept constant at if by iiman.'; ol I ho ooo, :ib!o 
reservoir 7^ and llcxibli,! tnb(> vi. Tim l’ro:.|iiii oii- iIut- 
mometer is sliown in Fiij;'. 7. 'rim air is l-.o|ii al r-u- ami. 
volume (at the mai'k a) by admil I iiiy nioniiry lri>m iho 
bottle A thi'uiigh the cock />. In Iho llumiloN :nr llior 
mometer, hiy. iS, no attcmiit is nimlo lo hoop iho udimj.- 
of air constant; c.\j)a,nsion into llm small liibo hrj.r.', liu- 
bulb incrc'asino’ the voliinm so sliphlly lhal llo- oi rur i . o,,!n 
juited not to caxcecd d° in a ran.yo of hilO'’ (.'m. 


49. Remarks on Air Thermometers. biilluu m- l;. ' n.in!!, 
the instrument is usually eonsl ruelod In iipm uio pi.' m. .o 
coustant volume, usiue;' i'.ilher iiili'n'.;oii, liyilrn'n n, ..r .iii ,i a 
medium. t)nly om*. “ iixed iioinl,” uiTii ho niail, rd. il,;o lim 
temperature of melliiio' icia lluviiiiy murkod ui tl.,- anr... 

pheric pre.ssure regislered at lliis loiuporai mv, iho 

spaced so tliat one of tliimi deiiolos uii auy.iuonl ai-imi ni j,|. mo 
of 14.7 -4- 0.02!)!) 11). por .si|iiun> iiudi. Il i , u iiall\ 


convenient, liowever, to detei'iuiiio Iho Iwn (i\.'il ],, 

and subdivide llie iniervouin,y dishmoo iniu |’.o . 
'The air thermometer readiiioy, difl'o)- in sumo o\|oi,i 
the most accurate mercurial insi niinoui s. |u•illl■i|,,| 
the fact that mercuiy ('N])aiiils much lo.'-'- Ihau uji'. 
modifying elfect ot the ex|iaiisinu of Iho olu ’. cnni 
fore greater in its ease. 'Iho uir I hormninoi,.,- , 

perfectly accurate imslniiueid, siniT uii' d i„.f 

Chailes law (.Vrt. IT). '1 he iiislniiuonl isu od inr 
mercury thermometers, for diroet moasui-oin,.,i|., 
below the melting point of glass (Olio .snir l.'.p , 

experiments on v;ipors; or, hy using jiorool,ain hull, 
ing mucli higher tempei’ature.s. 
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50. The Perfect Gas. If mdual nascs Ipr..- 

cisely to the laws Ihiyh-, anil ('haih's, maim nf il.nir 
thermal prnpertic.s niiuht be, cuuputnl .iimoiK. him 
slightness ol: the deviations wliirh artiialh i.onir mo.- 
gests the notion of a perfect gas. which would 


for a perfect gas, wliich does not exist in nature. The current thermo- 
dynamic method is, however, to investigate the properties of such a gas, modi- 
fying the results obtained so as to make them applicable to actucd gases, 
rather than to undertake to express symbolically or graphically as a 
basis for computation the erratic behavior of those actual gases. The 
error involved in assuming air, hydrogen, and other permanent” gases 
to be perfect is in all cases too small to be of importance in engineering 
applications. Zeuner (4) has developed an “equation of condition” or 
“ characteristic equation” for air which holds even for those extreme con- 
ditions of temperature and pressure which are here eliminated. 

51. Properties of the Perfect Gas. The simplest definition is that 
the perfect gas is one which exactly follows the laws of Boyle and 
Charles. (Rankine’s definition (5) makes conformity to Dalton’s 
law the criterion of perfectness.) Symbolically, the perfect gas con- 
forms to the .law, readily deduced from Art. 50, 

FV=RT,^ 

in which is a constant and T the absolute temperature. Consid- 
ering air as perfect, its value for R may be obtained from experir 
mental data at atmospheric pressure and freezing temperature: 

B = PV-^ T= (14.7 X 144 x 12.387) -v- 491.4 == 58.30 foot-pounds. 

f 

For other gases treated as perfect, ^lie value of R may be readily 
calculated when any corresponding specific volumes, pressures, and 
temperatures are known. Under the pressure and temperature just 
assumed, the specific volume of hydrogen is 178.83; of nitrogen, 
12.75; of oxygen, 11.20. A useful form of the perfect gas equation 
may be derived from that just given hy noting that PV-^ T= B, a 
constant : pjr py 

T' 

52. Significance of R. At the standard pressure ajul temperature 
specified in Art. 51, the values of R for various gases are obviously 
proportional to their specific volumes or inversely proportional to their 
densities. This leads to the form of the characteristic equation soine- 

* At the temperature i!i, let the pressure and volume be p,, If the gas were 
to exi.)ancl at constant temperature, it would conform to Boyle’s law, PiVi=^c, or 





Specific Heat 
AT Constant 
P nEs.sunE. 

Symbol. 

Hydrogen 

1 

2 

3.4 

H 

Nitrogen 

14 

28 

0.2438 

N 

Oxygen 

16 

32 

0.217 

0 

Carbon dioxide 

— 

44 

0.215 

CO 2 

Alcohol 

— 

46 

0.4534 

CaHeO 

Car-bon monoxide 

— 

28 

0.2438 

CO 

Ether 

— 

74 

0.4797 

(C 2 H 6)20 

Ammonia 

— 

17 

0.5 

NH 3 

Sulphur dioxide 

— 

64 

0.15 

S 02 

Chloroform 

— 

119 

0.1567 

CHC 13 

Methane 

— 

16 

0.5929 

CHi 

Olefiant gas 

— 

14 

0.4040 

CH 2 

Air. . . . ; 

— 

— 

0.2375 


Steam 

— 

18 

0.5 

H 2 O 


52a. Principles of Balloons. — A body is in vertical equilibrium in a 
fluid medium when its weight is equal to that of the fluid which it dis- 
places. In a ballooii; the weight siij^ported is made up of (a) the car, 
envelope and accessories, and (6) the gas in the inflated envelope. The 
equation of equilibrium is 

W=w+V{d-d'), 

where 17 = weight in lbs., item (a), above; 

10 = weight of air displaced by the car, framework, etc., in lbs.; 
F= volume of inflated envelope, cu. ft.; 
d = density of surrounding air, lbs. per cu. ft.; 
d' = density of gas in envelope, lbs. per cu. ft. 

The term w is ordinarily negligible. The pressure of the gas in the 
envelope is only a small fraction of a pound above that of the atmos- 
phere, When gas is vented from the balloon, the latter is prevented 
from collapsing by pumping air into one of the compartments (ballonets), 
so that the effect of venting is, practically .speaking, to decrease the size 
of the envelope. 

If the balloon is not in vertical equilibrium, then W —io — V{d—d') 
is the net downward force, or negatively the upward pull on an anchor 
rope which holds the balloon down. A considerable variation in the 





conditions of equilibrium arises trom variations in the value or d. 
Atmospheric pressure varies with the altitude about as follows: 


Altitude 
in Miles. 

0 


Nnnnal Atmospheric 
Pressure, Lbs. per Sq. In. 

11.7 


1^- 


11.02 

13.33 

12.66 

12.02 

11.12 

10.S8 

9.S0 


52b. Mixtures of Gases. By Daltonts law (Art. 40), if ivi, luz be the weights 
of the constituents of a mixture at the state F (volume of entire mixture, not its 
specific volume), T, P; and if the R values for these constituents be Pi, Rz, Rz, 
then 


Pi 

P 


RiTu'i RiTwz RzTwz 

~~Y > P"~ y > y~ > 

T 

= P 1 + P2 + 7 I 3 = -p ( Pi Wi + + PjMj) . 


If W be the weight of the mixture = iyi+u'o 4 - yi?, then the equivalent R value 
for the mixture is 


PV p R\W\A-Rilt'z-\-Rilfh 
WT~ W 

Then, for example, 

Pi _ ^^1 T’u'i _ Rni'i , 
P~RWTV 


If Vi, V 2 , vz denote the actual volumes of several gases at the conditions P, T] 
and wi, 102 , wz, their weights, then Pvi = uhRiT, Pvz^wzRiT , Pvz = wzRzT. 


W = 'iai+U'2 + W3, V = Vi+V2 + V3, 


PV^WRT, 


ih _ _ Rpi'i 

V~'WRfP ~WR’ 


From expressions like the last we may deal with computations relating to mixed 
gases where the composition is given by volume. The equivalent molecular weight 
r 

of the mixture is, of course, — (Art. .52). 


Dalton’s law, like the other gas laws, does not exactly hold with any actual 
gas: but for ordinary engineering calculations with gases or even with superheated 


H a substance existiiiK in such a 
I interattraclion. 'I’lic l•u'■ltil•il•||t 
I, lie. cXiU^l rcci])n>cal i>l tii'- ;i!> >'• 
aiiil iiri'K. Zi-uiht lia ; 

blicoi'y "i |"‘rl'i'cl >','asi‘s il I'.ui 1"“ 

iiiul M]ic<-ilii- viilntni-, al llic .atiu' 
r, wliciicc lie ilcr’n'i's A\i>;;ailri> • 
princiillV'cArt'i^^^^ (8) tiUuihiicd the. l-livsiciil pmpcrl nt ih- 

“ perfect gas.” 

54. Kinetic Theory of Gases. Beginning Avitli BenniuiUi in variuiia 

investigators have attemptedto explain tlie plKiiioineiia nl' gases mi tin- 1 ^ 1.11 nl 
the kinetic theory, which is now clo.sely allied with the ineehaiiieal lln'iiry "I le-.ii. 
According to the former theory, the molecules of any gas are of eipial nia ■. and 
like each other. Those of different gase.s differ in proportions or slriieiure. I Im 
intervals between the molecules are relatively very great. 1 hidr ^l•ude^ev i- lo 
move with uniform velocity in straight lines. U])on conlaet, ihediiveliou ot mo- 
tion undergoes a change. In any homogeneous gas or mixture, of ga -e ( ho im an 
energy due to .molecular motion i.s the saniti at all jiart.s. 'The pressure of the ".a-i 
per unit of superficial area is proportional to the iimiiber of niolemile.s in a 11 nil ol 
volume and to the average energy with wiiieli they strike this nrea. Ii iliore- 
fore jn-oportional to the density of the gas and to the average of llie sipmre' oi ihe 
molecular velocities. Temperature is proportional to the average kinetie rMon e.v 
of the molecules. The more nearly perfect the gas, the iimre infivipieiii 1\ ih> iln- 
molecules collide with one another. 'When a eoiitainiiig ves.sel is healed, l lie molo. 
cules rebound with increased velocity, ami the teiiiperatiin' of llie gas ri .r wlieii 
the vessel is cooled, the molecular velocity and tlie teniperal lire are dei-roa- ''d. 

“ When a gas is compressed under a pi, stun in a cylinder, Mie partielos of I he p.a'i 
rebound from the inwardly moving piston with uueliaiiged vidoriiy ridaii\e lo 
the piston, but with increased actual velocity, and the teniperal are of the I'.a . eon ■ 
sorpiently rises. When a gas is expanded under a receding j'iston. Ihe jiaii ieh' ■ of 
t!ie gas rebound with dimiui.slied actual velocity, and the. temperature fall,. '' ( :• ). 

Recent investigations in molecular ]diysios have led to a new tenniiioloe.v Iml 
in effect serve to verify and explain the kinetic theory. 

55. Application of the Kinetic Theory. Let w deiioie Ihe aeliml nioleeuhir 
velocity. Resolve tliis into components x, //, and .c, al. right angles lo one aiioilim-. 
Then + 1 / + z^. Since the molecules move at random in all diiveiiom-. 

X = y = z, and = 3 . 1 ’A Consider a .single moh'eule, moving in an x diieoiion 
back and forth between two limiting .surfaces distant from eaeh other ihe 
component of the velocity of this particle lieiiig 'I'lie nioleenle a ill make 

(a .e 2 d) oscillations per second. At each impact tlie veloeily ehnii'm- from : n 

to — Q, or hv 2 fl, and the mnmPTif.niu Itit 0 n' , . 1 


Hirschfeld (6), in fact, defines the perfect gas a 
physical state that its constituent particles exert nc 
of expansion, according to Charles’ law, would lie, 
lute temperature of melting ice, for all picssines 
shown (7) tliat as necessary coiisequcnce.s ol the 
proved that the product of the molecular weiglit 
^ ...... of.,.. • • r n 




in the vessel, Let g be the area of the hmitmg surface. Then the force per unit 

f f T? . mw^N , ?nw^N W 

of surface — p — F-^g—g-^Af g= — g-^, whence py = — g — = g^ • ]n which v 

is the volume of the gas = gd and TF is its weight in lbs. (10). See Art. 127 a. 


56. Applications to Perfect Gases. Assuming that the absolute temperature 
is proportional to the average kinetic energy per molecule (Art. ot), this kinetic 
energy being ^ viw-, then letting the mass be unity and denoliiig by R a constant 
relation, we have pv — RT. dlie kinetic theory is perfectly consistent with Dal- 
ton’s law (Art. 40). It leads also to Avogadro's principle. Let two gases be pres- 
ent. For the first gas, p = nmid^ 3, and for the second, P = ALl/lF“- 4 - 3, If 
t — T, viw^ = M]V% and if p = P, then n - N. If M denote the mass of the gas, 
M = inN, and po = Ifw^ ^ 3, or = 3 pi: ~ M, from which the mean velocity of 
the molecules may be calculated for any given temperature. 

For gases not perfect, the kinetic theory must take into account, (a) the effect 
of occasional collision of the molecules, ami (b) the effect of mutual attractions 
and repulsions. The effect of collisions is to reduce the average di.stance moved 
between impacts and to increase the frequency of impact and consequently the 
pressure. The result is much as if the volume of the containing vessel were 
smaller by a constant amount, h, than it really is. For v, we may therefore Avrite 
V - b. The value of b depends upon the amount and nature of the gas.* The 
effect of mutual attractions is to slow down the molecules as they approach the 
walls. This makes the pressure less than it otherwise would he by an amount 
which can be shown to be inversely proportional to the .square of the A^olume of 
the gas. For p, we therefore write p +(n -e v"), iu which a depends similarly 
upon the quantity and nature of the gas. We have then the equation of Van der 
Waals, 

[p+^^(,v-b)=RT (11). 


(1) Cf. Verdet, Legons de Chemie et de Plvisiqne. Paris, 1802. (2) Rel. des Rxp., 
I, 111, 112. (3) Trans. A. A. M. E., YI, 282. (4) Technical Thermodynamics 
(Klein tr.), II, 313. (5) “ A perfect gas is a substance in such a condition that the 
total pre.ssure exerted by any number of portions of it, against the sides of a vessel in 
which they are inclosed, is the sum of the pre.ssures which each such portion would 
exert if enclosed in the vessel .separately at the same temperature.” — The Steam 
Engine., 14th ed., p. 220. (G) Engineering Therinodunamies, IGOT. (7) Op. eft., I, 

104-107. (8) Op. ciL, 50.3— 595. (9) Eichols uml Trn.nld'm, The Elements of Physics, 

I, 199-200. (10) Ibid.., 109; Woniicdl, Thermodynamics, 157-101. (11) Over d.e 

Continuiteit van den Gas en Vloeistoestand, Leiiuleii, 1873, 70 ; tr. by Roth, Leipsic, 
1887. 


SYNOPSIS OF CHAPTER HI 


Boyle’s law, p'y = PF: deviations, 

Dalton’s law, Avogadro’s principle. 

/tF rinm nv nf ClhnvloQ* inni'ancfi f’if vr»lnm<n nt nrk-ncfnTif •n-pocanro* 




The absolute zero:— 45.9.4° F., or 491.4° F. below the freezing point. 

Air theimometer.s: Pre.ston’s ; Iloaclley’s; calibration; gase.s used. 
pv 1^1^ 

The perfect gas^ — = —^ ; deiinitions ; properties; A-alue.s of I?; absence of inter- 

molecular action: the kinetic tiieoiy; development of the haw PF=i22’ there- 
from ; conformity mth Avogadro's principle ; molecular velocity. 

Table ; the common gases ; 

Constants for g<as mixtures : R= ^ . 

Tr 

Balloons: weight = weight of fluid displaced. 

The Van der Waals equation for imperfect gases : 

(p+'^^{v-b)=ET. 

PHOBLFALS 

1. Find the volume of one pound of air at a pres.sure of 100 lb. per square inch, 
the temperature being 32° F., using Boyle’s law only. (Ans., 1.821 cu. ft.) 

2. From Charles' law, find the volume of one pound of air at atmospheric pres- 
.sure and 72° F. (A?i.s., 13.4 cu. ft.) 

3. Find the pre.ssure exerted by one pound of air having a volume of 10 cubic 
feet at 32° F. (.'Ins., 18.2 lb. per stp in.) 

4. One pound of air is cooled from atmospheric pre.ssure at constant volume from 
32° F. to —290° F. How nearly perfect is the vacuum produced? (Ans., 65.5%.) 

5. Air at 50 lb, per .square inch pressure at the freezing point is heated at con- 
stant volume until tiie temperature becomes 2900° F. Find its pressure after heating. 
(An.s., 341.8 lb. per sq. in.) 

6. Five pounds of air occupy 50 cubic feet at a temperature of 0° F. Find the 
pressure. (An.f., 17.03 lb. per .S(i. in.) 

7. Find values of Z? for hydrogen, nitrogen, oxygen. 

(A?i.s., for hydrogen, 770.3 ; for nitrogen, 54.9 ; for oxygen, 4S.2.) 

8. Find tlie volume of three pounds of hydrogen at 15 lb. pre,s.sure per .square 
incii and 7.5° F. (An.s., 571. S cu. ft.) 

9. Find the temperature of 2 oimces of hydrogen contained in a 1-gallon flask 
and exerting a pressure of 10,000 lb. per square inch. (Ans., 1530° F.) 

10. Compute the value of r (Art. 52). (A?is., 1538 to 1544.) 

11. Find the mean molecular velocity of 1 lb. of air (considered as a perfect gas) 
at atmospheric pressure and 70° F. (A/i.s’., 10.52 ft. per sec.) 

12. IIow large a flask will contain 1 lb. of nitrogen at 3200 lb. pre.ssure per square 
inch and 70° F. ? (An.s., 0.0031 cu. ft.) 

13. A receiver hokls 10 lb. of oxygen at 20° C. and under 200 lb. pressure per 
square inch. lYhat weiglit of air will it hold at 100° F. and atmo.splieric nres.sure ? 



cent of the weight of air has been removed? (14.697 lb. per sq. in. = 29.92 ins. 
mercury.) 

16. At sea level and normal atmospheric pressure, a 60,000 cu. ft. hydrogen 
laalloon is filled at 14.75 lb. pressure. The temperature of the hydrogen is 70° P.; 
that of the external air is 60° F. The envelope, car, machineiy, ballast, and occu- 
imnts weigh 3500 lb. Ignoring the term w, Art. 52n, what is the upward pull on the 
anchor rope ? 

17. How much ballast must be discharged from the balloon in Prob. 16 in order 
that Avhen liberated it may rise to a level of vertical equilibrium at an altiriide of 2 
miles ? 

18. In Problem 17, there are vented from the balloon. Avhile it is at the 2-mile 
altitude, 10 per cent of its gas contents. If the ballonet which has been vented is 
kept constantly filled witli air at a pressure just equal to that of the external atmos- 
phere, to what approximate elevation will the balloon descend ? What is the net 
amcumt of force available for accelerating doumward at the moment when descent 
begins ? 

19. In Problem 17, Avhile at the 2-mile level, the temperature of the hydrogen 
becomes 60° and that of the surrounding air 0 °, without change in either internal or 
external pressure. What net amount of ascending or descending force will be cainsed 
by these, changes ? How might this be overcome ? 

20 . In a mixture of 5 lb. of air with 16 lb. of steam, at a pressure of 50 lb. per 
stpiare inch at 70° F., what is the value of If for the mixture? What is its equiva- 
lent molecular weight ? The difference of k and I ? The partial pressure clue to 
air only ? 

21 . A mixed gas weighing 4 lb. contains, by volume, 35 per cent of CO, 16 per cent 
of 11 and 3 per cent of CII 4 , the balance being X. The pressure is 50 lb. per square 
inch and the temperature 100° F. Find the value of If for the mixture, the partial 
pressure due to each constituent, and the percentage composition by weight. 

22 . Compute (and discuss) values of B and ?/ for gases listed in the table, page 26, 
(See Arts. 69, 70.) 



CHAPTER IV 


THERMAL CAPACITIES : SPECIFIC HEATS OF GASES : JOULE’S LAW 


57. Thermal Capacity. The definition of specific heat given in Art. 24 is, 
from a therinodynainic standpoint, inadequate. Heal produces other effects than 
change of temperature. A definite movement of lieat can be estimated only when 
all of these effects are defined. For example, the quantity of heat necessary to 
raise the temperature of air one degree in a constant volume air thermometer is 
much less than that used in raising the temperature one degree in the constant 
pressure type. The specific heat may be satisfactorily defined only by referring 
to the condition of the substance during the change of temperature. Ordinary 
specif c heats assume constancy of pressure., — that of the atmosphere, — while the 
volume increa.ses with the temperature in a ratio which is determined by the coeffi- 
cient of exi^ansiou of the material. A specific heat determined in this way— as 
are those of solids and liquids generally — is the specific heat at constant pressure. 

Whenever the term “ .sjtedfo heat” is vsed without qnalf cation, this par- 
ticular specific heat is intended. Heat may be absorbed during changes of 
either preSvSure, volume, or temperature, while some other of these proper- 
ties of the substance is kept constant. For a specific change of property, 
the amount of heat absorbed represents a specific thermal capacity. 


58. Expressions for Thermal Capacities. If H represents heat absorbed, 
c a constant simcific heat, and (T~t) a range of temperature, then, by 
definition, II—c{T—t') and c = JI-t~(T—tf If c be variable, then 

JI=JcdT and c = dH-^dT. If in place of c we wish to denote the 

specific heat at constant pressure (/c), or that at constant volume (I), we may 
apply subscripts to the differential coefficients j thus, 



the subscripts denoting the property which remains constant during the 
change in temperature. 


this is known as the latent heat of expansion. It exemplifies absorption of heat 
withoiit change of temperature. No names have been assigned for the other 
thermal capacities, but it is not difficult to describe their significance. 

59 . Values of Specific Heats. It was announced by Dulong and Petit that the 
specific heats of substances are inversely as their chemical equivalents. This was 
shown later by the experiments of Regnault and others to be approximately, 
though not absolutely, correct. Considering metals in the solid state, the product 
of the specific heat by the atomic weight ranges at ordinary temperatures from 6.1 
to 6.0. This neai’ly constant product is called the atomic heat. Determination of 
the specific heat of a solid metal, therefore, permits of the approximate compiita 
tion of its atomic weight. Certain non-nietallic substances, including chlorine, 
bromine, iodine, selenium, tellurium, and arsenic, have the same atomic heat as 
the metals. The molecular heats of compound bodies are equal to the sums of the 
atomic heats of their elements; thus, for example, for common salt, the specific 
heat 0.219, multiplied by the molecular weight, 58.5, gives 12.8 as the molecular 
heat; which, divided by 2, gives 6.4 as the average atomic heat of sodium and 
chlorine; and as the atomic heat of sodium is kuowii to be 6.4, that of chlorine 
must also be 6.4 (1). 

60 . Volumetric Specific Heat. Since the specific volumes of gases are in- 
versely as their molecular weights, it follows from Art. 59 that the quotient of the 
specific heat by the specific volume is practically constant for ordinary gases. In 
other words, the specific heats of equal volumes are equal. The specific heats of 
these gases are directly proportional to their specific volumes and inversely pro- 
portional to their densities, approximately. Hydrogen must obviously possess the 
highest specific heat of any of the gases. 

61. Mean, “Real,” and “Apparent” Specific Heats. Since all specific 
heats are variable, the values given in tables are mean values ascertained 
over a definite range of temperature. The mean speciji.c heat, adopting 
the notation of Art. 58, is c — II while the true specific heat, or 
specific heat “ at a point,” is the limiting value c = dR^ dT. 

Kankine discusses a distinction between the reaf and oppa?*eni specific heats; 
meaning by the former, the rate of heat absorption necessary to effect changes of 
temperature alone, vsdthout the performance of any disgregation or external work • 
and by the latter, the observed rate of heat absorption, effecting the same change 
of temperature, but simultaneously causing otlier effects as well. For example, 
in heating W'ater at constant pressure from 62° to 63° F., the apparent specific heat 
is 1.0 fdefinition. Art. 22'). To comoute the real specific heat, we must know the 


62. Specific Heats of Gases. Two ilun-inul c.aiiucilifs nf rsi-r.-ial 
importance are nsccl in calculations rclatiii- In s-'ascs. Tim lirsl is 
the specific heat at constant prcsmrc, k, wliic.li is the anmunt /mit 
mcessary to raise the temperature one deyree lelufc I he pressuio le he/it 
constant; the other, the specific heal at eoimlaiit rnl,iiii>\ h 'o- the 
amount of heat necessary to raise the ieinperaliire mie deyree mhl/e (he 
volume is kept constant. 

63. Regnault’s Law. As a result of his exiH'vinu'uls ou a l:ip>v mimI.<T nf 

gases over rather limited ranges (){ teniiHiraliin', Uegnault unm.umMMl Dial, the 

specific heat of any gas at constant pressure is constant. 'I’liis is imw km-wii imi i,. 
be rigorously true of even our most nearly jierfi'i'h gases. It is lud. even a)'i>vi>\i- 
raately true of tho.se gases when far from the e.oiiditiim of perl'eel iiei. i.,-. al Imv 
temperatures or high pressures. At very hhjh tmniie.rat iires. also, it is mdl Km.n n 
that specific heats rapidly inereaso. 'this juuiieiilar vai'ialiuii is perle.i]!. line lu 
an approach toward that change of state deseribed as ilii^siirin/ioii. W lien near 
any change of state, — combustion, fusion, evaporation, dissoeialion. e\i'ry -iile 
stance manifests erratic thermal properl ies. 'riii' speeilie heal of earlmn dinxide 
is a conspicuous illustration, lleceut dutenuiualion.s by llolbiiro and Ilenninv; 
(2) of the mean specific heats between 0" and .r" (h give, fur nil |•le.',en, /,■ 

+ 0.000019a;; and for carbon dioxide, /r^D.'JDl -|- D.'liKldT It! .<• (l.oiiniiiiniils : 

while for steam, heated from 110° to ;c° C., /.■=n. ld(i!l“().(l(ui(ll(is / i n.ttoniiiiiiii 1 1 .r ’. 
The specific heats of solids also vary. dTie speeilie heals of subslaiiees in p.eneral 
increase with the temperature, llegmiult’s law wmild hold, however, for a perfrel, 
gas; in this, the specific heat would be constant nmlev all eundilions of lenipera- 
ture. For our “permanent” ga.se.s, the .speeilie lieat is ]iraelieally enn.lant at 
ordinary temperatures. 

The table in Art. 52 shows that in general the sp('(nri(! h(“als .ai eoits(:inl pre.ssma* 
vary inversely as the molecular weights. Carbon dioxide, sulphur dioxiile, aminonia, 
and steam (which are highly imperfect gases) vary most widely from Ibis Law. 


61 The Two Specific Heats. When a gas is hoahal at (a.nslmit iirossnro. 
its volume increa.ses against that piaassuro, and uxtornal work is diuio in 
consequence. The external work may be (a)ni])ul,(al by mulliidying llm 
pressure by the change in volume. AVhen heated a,l. eonslanl. vuduiiie, iio 
external wmrk is done; no movement is nnuh; (igninst an cxloriud rosisl- 
ance. If the gas be j)erfect, then, under this eonditiun, no disgrogal imi 
w'ork is done; and the specific heat at constant volunu' is a Irne s]Hadlie 
heat, according to Eankine’s distinction (Art. (ih. Tlu^ simoilio boat al 


maximum aensity, — no external woric is done wlien heating at constant 
pressure; and at this state the two specific heats are equal, if we ignore 
possible differences in the disgregation work. 

65. Difference of Specific Heats. Let a pound of air -at 32° F. 
and atmospheric pressure be raised 1° F. in temperature, at constant 
p>ressure. It will expand 12. 38T 491.4 = 0.02521 cu. ft., against 
a resistance of 14.7 x 144 = 2110.8 lb. per square foot. The external 
work which it performs is consequently 2116.8 x 0.02521 = 53.36 foot- 
pounds. A general expression for this external work is W—PV^ T\ 
and as from Art. 51 the quotient P F~ is a constant and equal to 
J?, then IF is a constant for each particular gas, and equivalent in 
value to that of R for such gas. The value of W for air, expressed 
in heat units, is 53.30-r-TT8 = 0.0G86. If the specific heat of air at 
constant pressure, as experimentally determined, he taken at 0.2375, 
then the specific heat at constant volume is 0.2375 — 0.0686 = 0.1689, 
air being regarded as a perfect gas. 

66. Derivation of Law of Perfect Gas. Let a gas expand at constant pres- 
sure P from the condition of absolute zero to any otlier condition V, T. The total 
external work which it will have done in conse(iueiice of this expansion is PV. 
The work done per degree of temperature is Pl'-f- T. But, by Charles’ law', tliis 
is constant, whence we have PV—PiT. The symbol R of Art. 51 thus represents 
the external loork of expansion during each degree of temperature increase (3). 

67. General Case. The difference of the S2:iecific heats, while constant for any 
gas, is different for different gases, because their values of R differ. But since 
values of R are proportional to the specific volumes of gases (Art. 52), the differ- 
ence of the volumetric specific heats is constant for all gases. Thus, let Jc, I be the 
two specific heats, per pound, of air. Then k — I ~ r. Let <1 be the density of 
the air; then, d{k—l) is the difference of the volumetric specific heats. For any 
other gas, w'e have similarly, K — L = R and D{K — L) ; hut, from Art. 52 
R : r :: (I : D, or R = rd -r- D. Hence, K ^ L — rd ~ D — (Jc — l)Jl ^ D), or 
Z)(/C — Z)= d(k — 1). The difference of the volumetric .s^^ecific heats is for all 
gases equal approximately to 0.0055 B. t. n. (Compare Art. 00.) 

68. Computation of External Work. The value of R given in Art. 52 and 
Art. 65 is variously stated by the writers on the subject, on account of the 
slight uncertainty which exists regarding the exact values of some of the con- 
stants used in cotni^uting it. The differences are too small to be of consequence 
in engineering work. 



For air, its value is 0.2375-^0.1689 = 1.4+, Various wnlcrs, ii.sinp; of her fiiruL'i- 
mental data, give slightly different values (4). Tin; he.sl, (lii'cci, cxpri'iniciitH do 
be described later) agree with that here given within a marrow in.argin. I''t)r 
hydrogen, Lummer and Pringsheim (5) hav(! olitaincd lh(^ value I.IOS; and for 
oxygen, 1.396. For carbon dioxide, a much le.ss jierfect g.as Ilian any of these, 
these observers make the value of y, 1.2961; while Dulong ohiained l.d.'is, The 
latter obtained for carbon monoxide 1.428. The mean value for the ‘‘iteriuauenl,” 
gases is close to that for air, viz., 

I/ = 1.4+. 

The value of y is about the same for all common gase.s, tind is praelieally imie- 
pendent of the temperature or the jircssurc. 

From Arts. 69, 60, 65, we have, lotting denote elieniieal etiuiv.alenls .ami 1' 
specific volumes, 

/c=-=aF,' R = hV, 
m ’ ’ 


where a and h are constants having the same valuoffor till gti.styq. 


ro. Relations of R and y. A diroot sorios of rololinna , ..cists 
between the two specific heats, their ratio, and l,l„.ir dilTo.Tiioo. If 
we denote the speoiiic heats by h and i, thou in „„ils, 

k .. k 






("For air, this gives - i (().) 


k It 
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0.2375 - 


h = hj- yR. 
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l = R- 


y~^ 


n • - 1. 


V 


" 

Usi„atl,cra l :i by years 1 


Mayer s computation or the Mechanical Jbquivaient or Jtieat. 
Reference Avas made in Art. 29 to tlie computation of this constant 
prior to the date of Joule’s conclusive experiments. The method is 
substantially as follows : a cylinder and piston having an area of one 
square foot, the former containing one cubic foot, are assumed to hold 
air at 32° F., Avliich is subjected to heat. The piston is balanced, so 
that the pressure on the air is that of the atmosphere, or 14.7 lb. 
per square inch ; the total pressure on the piston being, then, 
144 X 14.7 = 2110.8 lb. While under this pressure, the air is heated 
until its temperature has increased 491.4°. The initial volume 
of the air Avas by assumption one cubic foot, Avhence its Aveight 
Avas 1 -7- 12.387 = 0.0811 lb. The heat imparted Avas therefore 
0.0811 X 0.2375 X 491.4 = 9.405 B. t. u. The external Avork Avas 
that due to doubling the Amlume of the air, or 1 x 14.7 x 144 = 2116.8 
foot-pounds. The piston is iioav fixed rigidly in its original position, 
so that the volume cannot change, and no external work can be done. 
The beat required to produce an elevation of temperature of 491.4° 
is then 0.0811 x 0.1689 x491.4 = 0.731 B. t. u. The difference 
of heat corresponding to the external AVork done is 2.734 B. t. u., 
Avhence the mechanical equivalent of heat is 2116.8 2.734= 774.2 

foot-pounds. 

73. Joule’s Experiment. One of the crucial experiments of the science was 
conducted by Joule about 1844, after liaA'iug been previously attempted by Gay- 
Lussac. 

Taa^ copper recehmi's, A and J^, Fig. 9, Avere connected by a tube 
and stopcock, and placed in a Avater bath. Air Avas compressed in A 

to a pressure of 22 atmospheres, 
Avhile a vacuum Avas maintained 
in B. When the stopcock Avas 
opened, the pressure in each re- 
ceiver became 11 atmospheres, and 

the temperature of the air and of 
Fio. <1. Arts. 73, 80. - Joule's Expetlmeul. lemaiEed practically 





74. Joule’s and Kelvin’s Porous Plug Experiment. M nniti' uhr.rvva unm 
showed that a slight change ol; tciniHn-aiure ocrurrc.l in the. water hath. 
Joule and Kelvin, in 1S;)2, by their celebrated “ pnn.iis plug cxpiTinn-nts 
ascertained the exact amount of tliis clnuige for va.rious gases. In ull^ ol 
the permanent gase.s the change was very small; in sonie^ i a,*' .1 t u^ ii m 
perature increased, while in others it dee.nmsed ; and the inieiviiee is jus- 
tified that in a perfect gas there would bo no eliange. of ieuiperal lire ( .\ rt. 
156). 

75. Joule’s Law. The experiments led to lliu principle I lull 
when a perfect gas expands without doing external work, and without 
receiving or discharging heat, the temperature remains unchanged and 
no disgregation work is done. A elear ajiju’uuialion ol Ibis law is id 
fundamental importance. Four tliermal jihunommm might have 
occurred in Joule’s experiment: a moYemeiit of huat, tlm iierfornmiice 
of external -work, a change in temperature, or work of dispu-egal ion. 
From Art. 12, these four effects are related to one a.iiolht'r in sneli 
manner that their summation is zero; (.//’= 7'+ / + IT). Fv numns 
of the water bath, which throughout tlie ex[)eriineiit had llm same 
temperature as the air, the, movement of heat to or from the. air was 
prevented. By expanding into a vacmim, the jiei'formanee of I'xlernal 
work was prevented. The two remaining items must then sum np 
to zero, i.e. the temperature change and the disgregadioii work. But 
the temperature did not change ; consequently the amount of disgre- 
gation work must have been zero. 

76. Consequences of Joule’s Law. In tluu'xpi'rinn'nl. described, t he pres- 
sure and volume cliaiigod without ebanging tlui inlnrmd energy. No dis- 
gregation w'ork was done, and the tiMupcraturi'. renuuiied inuduingeil. 
Considering pressure, volume, and temperature as tlireii ea,rdiual Ibermal 
properties, internal energy is then independent of tlui pn 'ssiire or volume 
and depends on the temperature only, iu any perfect gas. 1 1, is thus it.s.df 
a cardinal property, in this case, a function of tlu^ temp(>ra,tnru. “A 
change of pressure and volume of a perfect gas not assoidat.ed wit h (diango 
of temperature does not alter the internal energy, lu any e.ba.uge, ol’ t.inii- 
perature. the chami'p, oF in-hfJi'nnl nm/itwrxr 1L-1 ..I’ j 1 t.-j! .,. ..il 


IS casengagea tnrouga tne triction in the connecting tube and the nn- 
pacts ■which, destroy the velocities comnmnicated to the particles of gas 
while it is expanding” (7). There is in'avtJcalh/ no disgregation icorh in 
heating a sensibly perfect gas; all of the internal energy is evidenced hy 
temperature alone. When such a gas passes from one state to another in 
a variety of ways, the external work done varies; but if from the total 
movement of heat the equivalent of the external Avork be deducted, then 
the remainder is always the same, no matter in wliat way the change of 
condition has been produced. Instead of il = T + / + IF, we may Avrite 
//= T+ W. 

77, Application to Difference of Specific Heats, The lieat absorbed dur- 
ing a change in temperature at constant pressure being lI=k{T— t), and 
the external Avork during such a change being W=P{V —v) = RifT — t)^ 
the gain of internal energy must be 

H- TF= 

The heat absorbed during the same change of temperature at constant 
volume is H—l{T~t). Since in this case no external Avork is done, the 
whole of the heat must have been applied to increasing the internal energy. 
But, according to Joule’s laiAg the change of internal energy is shown by the 
temperature change alone. In Avhatever Avay the temperature is changed 
from T to t, the gain of internal energy is the same. Consequently, 

(Jc-R){T-t)==l{T-{) and k - R = I, 
a result already suggested in Art. 65. 

78. Discussion of Results. The greater value of the specific heat at 
constant pressure is due solely to the performance of external Avork dur- 
ing the change in temperature. The specific heat at constant volume is 
a real specific heat, in the case of a perfect gas ; no external Avork is done, 
and the internal energy is increased only by reason of an elevation of tem- 
perature. There is no disgregation work. All of the heat goes to make 
the substance hot. So long as no external Avoi’k is done, it is not neces- 
sary to keep the gas at constant volume in order to confirm the lower 
value for the specific heat; no more heat is required to raise the tempera- 
ture a given amount Avhen the gas is alloAved to expainl than Avhen the 
volume is maintained constant. Tor any gas in which the specific heat at 
constant volume is constant. Joule’s laAv is inductively established ; for no 



to the lieat absorbed Briefly, the important deduction from Joule's oxpeu^ 
ment is that item (6), Art. 12, may be ignored when dealing with wmsil) y 

perfect gases. 


79. Confirmatory Experiment, By a sub.s('(iii(Mil; ('X|)(’rinii'iit. .Bmli' 
showed that when a gas expands so as to perform extmmal work, heal <Iih- 
appears to an extent proportional to the work dune, b'lgure K) iIIunI ral-s 
the apparatus. A receiver A, containing gas eompressnl to two olmns 
pheres, was placed in the calorimeter B ami eonm-cted with t he gas Imhler 
C, placed over a water tank. The gas passed 
from A to C through the coil D, depressed the 
Avater in the gas holder, and divided itself be- 
tween the tivo vessels, the pressure falling to 

that of one atmosphere. The work done was , 

computed from the augmentation OX volume siiown vixiii'ranmi, Si'iMHi'l Ap- 
by driving dmvn the Avater in G aijaind almos- puniius. 
pJieric j)ressure; and the heat lost was asc.ertaimul 

from the fall of temperature of the water. If the l,('mi)('ra,tun> ol l.he 
air were caused to remain constant throughout the ('Xperimmil, Iheii the 
work done at G would be precisely ecpiivaleiit to tln^ heal, given up by 
the water. If the temperature of the air were caused to remain eonslantly 
the same as that of the water, then II = Q = T ■{- 1 -\~ ]V, {'!' \- I ) ■ 11 . or 

internal energy Avould be given up by the air, precisely (upd valent in amount 
to the work done in 0. 



80. Application of the Kinetic Theory. In the porous plug experiment ril'errisl 
to in Art. 71 , it was found that certain gases were slightly enoteil us u. vesull nf t tu' 
expansion, and others slightly wanned. The inoh'cules of gas ui’o very iiiiich closer 
to one another in A than in B, at the beginning of tin; ('xperiiinmt. If Ihc niolc 
cules are mutually attractive, the following action takes pla(!e : as IIh'v emerge from 
A, they are attracted by the remaining particles in tliat vessel, ami their veloidiy 
decreases. As they enter 5 , they encounter attraedions I here, which lend lo in- 
crease their velocity ; but as the second set of attixnd.ious is feehlm-, the total eifi'et 
is a loss of velocity and a coolioy of the rjas. Tii anotiher gas, in whiidi the molecules 
repel one another, the velocity during passage woidd Iw; on Ibe wliole <1111/1111 iiiril, 
and the temperature increased. A perfect, gas would umk'rgo neither iiierease nor 
decrease of temperature, for there would be no atlra(;lions or repulsions bet ween 
the molecules. 

(1) A critical review of this theory has been present, rd liy Mills: 77m S/xrifir 

TTortfo n-f /7io 7?1 fr, A < 1 /\rvn 


00.3b 

quantities. R may by either 63.36 or . The student should discern whether 

heat units or foot-pounds are intended. (4) Zeuner, Technical Thermodynamics, 
Klein tr., I, 121. (6) Ibid., loc. cit. (6) Ewing; The Steam Engine, 1906. (7) 

Wormell, Thermodynamics. 


SYNOPSIS OF CH^iPTER lY 


Specific thermal capacities; at constant pressure, at constant volume; other capacities. 
Atomic heat = specific heat X atomic Aveiglit; molecular heat. 

The volumetric specific heats of common gases ai’e approximately equal. 


Mean specific heat = 


true specific heat and apparent specific heats. 


JiegnccuU's laxo : “ the specific heat is constant for perfect gases.” 

Difference of the two specific heats ; R = 53.36 ; significance of B. 

The difi'erence of the volumetric specific heats equals O.OOoS B. t. u. for all gases. 

Ratio of the specific heats : y = 1.403 for air ; relations hetAveen Ic, I, y, B. 

Rankine’s prediction of the value of k-. Mayer’s computation of the mechanical equiva- 
lent of heat. 

Joule's Laxv : xio disgregation work occitrs in a perfect gas. 

If the temperature does not change, the external work equals the heat absorbed. 

If no heat is received, internal energy disappears to an extent equivalent to the 
external work done. 

The condition of intermolecular force determines whether a rise or a fall of temperature 
occurs in the porous plug experiment. 


PROBLEMS 

1 . The atomic weights of iron, lead, and zinc being respectively 56, 206.4, 65; and 
the specific heats being, for cast iron, 0.1298 ; for wrought iron, 0.1138 ; for lead, 
0.0314 ; and for zinc, 0.095G, — check the theory of Art. 59 and comment on the results. 

{Ans., atomic heats are; lead, 6.481; zinc, 6.214; wrought iron, 6.373; cast iron, 
7.259.) 

2. Find the volumetric specific heats at constant pressure of air, hydrogen, and 
nitrogen, and compare with Art, 60. {k = 3.4 for II and 0.2438 for N.) 

(A?i.s., air 0.01917; hydrogen 0.01901; nitrogen 0.01912.) 

3 . The heat expended in warming 1 lb. of water from 32° F. to 160° F. being 127.86 
B. t. u., find the mean specific heat over tliis range. {Ans., 0.9989.) 

4 . The weight of a cubic foot of water being 59.83 lb. at 212° F. and 62.4.22 lb. at 
32° F., find the amount of heat expended in performing external work when one 
pomrd of water is heated betw'een these temperatures at atmospheric pressure. 

(rl?is., 0.00189 B.t. u.) 

5. (a) Find the specific heat at constant volume of hydrogen and nitrogen. 

U?is., 2.41; 0.1732.) 



7. Compute the elevation in temperature, in Art. 72, that would, for an expansion 
of 100 per cent, under the assumed conditions, and with the given values of Ic and 1. 
give (!xa<d.ly 77S as the value of the mechanical equivalent of heat. What law of 
giiscons (nxiuinsion would be invalidated if this elevation of temperature occurred? 

(A71S., 489.05° F.) 

8. In tlio experiment of Art. 79, the volume f)f air in G increased by one cubic foot 
iigain.st normal atmospheric pressure. The weight of water in A was 20 lb. The tern, 
pf'raf.urci of the, air remained constant throughout t.lui exiieriment. Ignoring radiation 
lo.sse.s, (’, (impute the fail of temperature of the water. JAns., 0.13604° F.) 



(•i!Ai”ri':i; v 


citAiMiicAiy !;si;n'i' \' nnNS; I’lijAssruK-voLUMio pA'rrrs of 

I’KI:FK("I' CASKS 

81. Tlicrmodynamic. Cnunliimtt;s. 'I'lu' cnuililioii of a Ixnlv fully 

(it’lhii'cl by iL. vnliuiir. aiiil I I'lii iicriilii re, its .slaiu uiuy ])U I'ojU'o- 

"11 ;i l■.t•"Illl•l riral ili;i;;i';iiii in wliirlt l.lic.sn |)r(i|i<M'l.i(>,s am usad as 
aniiriliiiaii-:;, 'I'iii.. ".laiiliii'a! incllinil nf aiiaiysis, tlcvalojiad by (najKiymu, 
i:i iiiiw in uni\i‘r;;al ii a. 'Tla* iiaaassiiv b'i‘ //lyaa ani'irdiiiat.as ju’asupposa.s 
111.' U'a "1 atia!\lii’a! ‘M‘"''>‘'try "I lliraa diiiiausiouSj and r(‘|ivasL'utati()u.s 
may tln'ii bi- .■•liouii i^•aly as mlab'd in oiia nf ilia ai”'lil; a.oriKU’s 

"I a aiilii-; bill (lia i>fnjrri iumi nil any nf ili(‘ lliraa adjaaaiil; auba faaas am 
anmiimnly UM-d ; and aiiina any t \vn nf ilima jirnpaii ias lix Iba t.liird wliau 
Ibi' rliarai-i i-ri .1 n* nijiialinn is kimwii, a. jimjaal.ivi' ra|)rasaul,al;ion is sufli- 
aiaiil. Sini'c iiiti riinl < /n /■;/// in a aardiiial jimiiarly ( Arts. JO, TO), tlii.s also 
may ba ainjilnyi'd as nm- nf I. lie cnnrdiiiala.s nf a. dia.y'fam if da, sired. 

82. Illustration, in l-’ii;'. I! \va liava ona aornar of a cube 
amis! il lit ill',;’ an m-iyin nf anilrdiimlas at, ( ). 'I'lia lampcralau'o of a 
.snlisiaiiaa is in ba ra|)n>sanl ad by I lia (listana.a u])\vard from O’, its 
prassiira, by ilia dislaiiaa in lba rin'lil ; and its voliiiiu.', liy tlumlis- 
laiiaa in lba bd’l . d'lia liiias forming lba aiiba. adoas ara. a,orras[)oud- 
iniyly niarliad <)'/[ i}/\ 01'. Cniisidar ilia, amidition of the body to 
ba ra|irasanl ad Iiv ilia jinini .1 ^ wi 1 11 i II i iio (Miba. Its bv/z/ia/vcOovi i.s 
Ilian rajiras. id ad bv lba dislaiiaa A/>, parallal lo .7'(9, tlio point B 
I'-'iny in ilia plana }'0/\ 'I'ln' disi anaa yl />, jiai’allal in JAO, from yi 

to lba j.laiia 'for. iinliaatas Iba /ov.s'.smra ; and by (lra,\vinn paral- 
1..1 i wi • .1 • , I- . :n. il i rirnn 


equal in length. 



Perspective Dia- TP Diagram. FP Diagram. PF Diagram, 

gram. 


83. Thermal Lines. In Fig. 15, let a substance, originally at A, pass 
at ct)nstant pressure and temperature to the state B ; thence at constant 
temperature and volume to the state Cj and thence at constant pressure 



Fir. 15. Art. 83.— Fig. 16. Art. 83.— Fig. 17. Art. 83.— Fig. 18. Art. 83.— 
Perspective Ther- TP Path. FP Path. TV Path, 

mal Line. 


and volume to D. Its changes are represented by the broken line ABCD, 
tv'hich is shown in its various projections in Eigs. 16-18. The thermal 
line of the coordinate diagrams, Eigs. 11 and 15, is the locus of a series of 
successive states of the substance. A path is the projection of a thermal 
line on one of the coordinate planes (Figs. 12-14, 16-18). The path of a 
substance is sometimes called its process curve, and its thermal line, a 
thermogram. 

The following thermal lines are more or less commonly studied ; — 

(« ) Isothermal, in which the temperature is constant; its plane is 
perpendicular to the OT axis. 

(b ) Isometric, in which the volume is constant ; having its plane per- 
pendicular to the OV axis. 

(o) Isopiestic, in which the pressure is constant ; its plane being per- 
pendicular to the OF axis. 



<^e) Adiabatic, tnat along wliicn no heat is transierrecl between the 
' substance and surrounding bodies ; the thermal line of an 
insulated body, performing or consuming work. 

84. Thermodynamic Surface. Since the equation of a gas in- 
cludes three variables, its geometrical representation is a surface ; 
and the first three, at least, of the above paths, must be projections 
of the intersection of a plane with such surface. Figure 19, from Pea- 



body (1), admirably illustrates the equation of a perfect gas, PV — 
RT. The surface pmnv is the characteristic surface for a perfect gas. 
Every section of this surface jiarallel to the P V plane is an equilat- 
eral hyperbola. Every projection of such section on the P V plane 

T n« /-si t -» 1 1 c-» 4- /-x th 1 ^ /-xl r-. + l-x /-k /-» rxX Y» rl T n O 4- n Cl -XtrlTlol-k d-Vl-l-mnOC’ 4*1^0 


lines are expressions of the two forms of the law of Charles, their 
appearance being comparable with that in Fig. 5. 


85. Path of Water at Constant Pressure. Some such diagram as that 
of Fig. 20 would represent the behavior of water in its solid, liquid, and 
vaporous forms when heated at constant pressure. 
The coordinates are temperature and volume. At 
A, the substance is ice, at a temperature below 
the freezing point. As the ice is heated from A 
to B, it undergoes a slight expansion, like other 
solids. At B, the melting point is reached, and 
as ice contracts in melting, there is a decrease in 
volume at constant temperature. At G, the sub- 
stance is all water; it contracts nntil it reaches the 
temperature of maximum density, 39.1° F., at D, 
then expands nntil it boils at E, when the great 
increase in volume of steam over water is shown by the line EE. If the 
steam after formation conformed to Fharles’ law, the path would con- 
tinue upward and to the right from E, as a straight line. 



Ficj. 20. Art. S.o. — Water 
at CoiKStaut Pressure. 


86. The Diagram of Energy. Of the three coordinate 23lanes, the EV 
is most commonly used. This gives a diagram corresponding with that 
produced by the steam engine indicator (Art. 484). It is sometimes called 
Watt’s diagram. Its importance arises jjrincipally from the fact that it 
rejDresents directly the external work done during the movement of the 
substance along any |)ath. Consider a vertical cylinder filled with fluid, 
at the U23per end of which is placed a weighted p>iston. Let the j^iston be 
caused to rise by the expansion of the fluid. The force exerted is then 
equivalent to the weight of the j^iston, or total pressure on the fluid; the 
distance moved is the movement of the inston, which is equal to tlie aug- 
mentation. in volume of the fluid. Since work equals force multijilied by 
distance moved, the external work done is equal to the total uniform pressure 
multiplied by the increase of volume. 


87. Theorem. On a EV diagram, the external work done along 
any path is represented by the area included be- ^ 

tween that path and the perpendiculars from its “i 

extremities to the horizontal axis. 


I.U /00 . i.cu uixc jjauli uc ai , cto, x-xg. xiXi. ijiviae tiie area aoac 

into an infinite number of vertical strips, amnc, mojm, oqrp, etc., 
each of which may be regarded as a rectangle, 
such that aG = mn^ m?i = op, etc. The external 
work done along am^ mo, oq, etc., is then repre- 
sented by the areas amiic, moqm, oqrp, etc., and 
the total external work along the path ah is repre- 
sented by the sum of these areas, or by abdc. 

Corollary L Along a path of constant volume 
no external work is done. 

Corollary II. If the path be reversed, i.o. from right to left, as 
along ha, the volume is diminished, and neyative work is done ; work 
is expended on the substance in conpressing it, instead of being per- 
formed by it. 



Fig. !22. Arts. 87, 88. 
— External Work, 
Any Path. 


88. Significance of Path. It is obvious, from Fig. 22, that the amount 
of external work done depends not only on the*initial and final states a and 
h, but also on the nature of the path between those states. According to 
Joule’s principle (Art. 75) the change of internal energy (T-f-/, Art. 12) 
between two states of a perfect gas is dependent upon the initial and final 
temperatures only and is independent of the path. The external work 
done, however, depends upon the. path. The total exjjenditure of heat, which 
includes both effects, can only be known when the path is given. The 
internal energy of a perfect gas (and, as will presently be shown, Art. 
109, of any substance) is a cardinal property; external work and heat 
transferred are not. They cannot be used as elements of a coordinate 
diagram. 


89. Cycle. 



A series of paths forming a closed finite figure con- 
stitutes a cycle. In a cycle, the substance is brought 
back to its initial conditions of pressure, volume, 
and temperature. 

Theorem. In a cycle, the net external work 
done is represented on the PV diagram by the en- 
closed area. 


sentecl by the area achef. The not poiiitlve work doJJO is (•(luivabjut 
to the difference of these two areas, or to ahad. 

If the volume units are in cuhlofcet, and the pressure units wvv pounds 
per square foot, then the measured area ahod gives the work in jonl-jimnids. 
This principle underlies the calculation of the ]lors(^ power of an eiig'iiu! 
from its indicator diagram. If the cycle be worluul in a, nnjaliro diia-etiou. 
e.g. as chad, Fig. 23, then the net work will be negative; i.o. woiF will 
have been expended uqjon the substance, adding heat to it, as in an air 
compressor. 

90. Theorem. In a perfect gas cycle, the expenditure of heat is 
equivalent to the external work done. 

Since the substance has been brought back to its initial (oiupoi'a- 
ture, and since the internal energy depends solely upon the lenipera- 
ture, the only 'heat effect is the external woi'k. In tlie cipialion 
II— Tf-If-W, ir+ 7=0, whence 77= W, the oxpcnditui'o of heal., 
being equivalent to its sole effect. 

If the work is measured in foot-pounds, the heat e.x]HMuh'd is ealeu- 
lated by dividing by 778. (See Note 3, jiago 37.) (louversely, in a, 
reversed cycle, the expenditure of external work is e(piivaleut toi.he ijm'ii of 
heat. 


91. Isothermal Expansion. The isothermal path is one, (d’ inmdi 
importance in establishing fundamental principles. l>y delinilion 
(Art. 83) it is that path along which the tenqairalure of ilu! Iluid 
is constant. For gases, therefore, from the characteristic e.quation, 
if T be made constant, the isotheriiiLil equation' is 

Pr = I2T = 0 , 

Taking 7? at 53.3G and 7 at 491.4° (32° F.), 

6' = 53.36 X 491.4 = 26,221; 

whence we plot on Fig. 2 the isothermal curve ah for this 1ein])('rn- 
tuie, an equilateral hyperbola, asymntotic to tlu' .uxi's of /' .■md I' 



construction shown in Fig. 24 is useful. Knowing the three corresponding prop- 
erties of the gas at any given 



state enables us to fix one point 
on the curve ; thu.s the volume 
12.387 and the pressure 2116.8 
give us the point C on the 
isothermal for 491.4° absolute. 

Through C draw CM parallel 
to OF. From 0 draw lines 0Z>, 

ON, OM to meet CM. Draw 
CB parallel to OP. From the 
points 1, 5, 6, where OD, ON, 

OM intersect CB, draw lines 
1 2, 5 7, G 8 parallel to OF. From D, N, M, draw lines perpendicular to OF. 


The points of intersection 2, 7, 8 are points on the recpiired curve. Proof : draw 
EC, FQ, parallel to OV, and 8 A parallel to OP. In the similar tri- 
angles OQB, OAF A , we have 6 B : MA OB -.OA, ov 8 A : CB y. EC : FQ, 
whence 8.4 x FS = CB x EC, or = PcFc- 



93. Alternative Method. In Fig. 25 let 5 be a known point on the 
curve. Draw aD through 6 and lay off DA = ah. Then A is another 
point on the curve. Additional points may be found by either of the 
constructions indicated: e.g. by 'drawing dh and laying off hf = dl>, 
or by drawing BK and laying off Kf = BA. These methods are prac- 
tically applied in the examination of the expansion lines of steam 
engine indicator diagrams. 


94. Theorem : Along an isothermal path for a per- 
fect gas, the external work done is equivalent to 
the heat absorbed (Ai-t. 78). 

0 J K -l a i The internal energy 

Fig. 23. Art. 93. — Second Method for Plotting is nnchanged, aS ilicli- 
Hyperboias. Gated by Joiile’s law 


(Art. 75) ; hence the expenditure of heat is solely for the performance 
of external work. 5^=0, and Ar= F. 

Conversely, we have Mayer’s principle, that “ the w'ork done in compressing a 
portion of gas at constant temperature from one volume to another is dynamically 
equivalent to the heat emitted by the gas during the compression” (2). 


95. Work done during Isothermal Expansion. To obtain the ex- 

+.prnci1 -wnidr finnp. nndp.r anv nnrtinn of the isothermal curve. Ficr. 24. 



in -wliicli V, V are the initial and linal volunu^s. Hut, Iroin l1u' ('(illa- 
tion of the curve, jni = PV.P —pi-' ^ •> u'li<‘n /' and aarc ,L;i\ (‘n, 



The heat absorbed is eciual to this valiKi divided liy 77H. 

96. Perfect Gas Isodynamic (Art. ST). Sinco in a ix'rrcc.l ijj'as the 
internal energy is fixed by the teinpcrature alone, tlu! inlcrnal energy 
along an isothermal is constant, and the i.sud^yinunie and isollicrmal 
paths coincide. 


97. Expansion in General. We may for the preseid, limit, the 
consi(,leration of possible paths to those in wliieh increases of N’olinne 
are accompanied by more or less marked decreases in jiressnre ; (he 
latter ranging, say, from 7.oro to inlinity in. ra,ie. If the voliiimi in- 



Fig. 2G. Art. !I7. --Expansive 


creases with(.)ut a,ny fall in ]iressnre, the 
path is one of eonsla.nt pressiiri! ; if the 
volume increases only when the fall of 
pressure is inlinit.e, the ](a,th is one of eoii- 
stant volume, 'riie pat.lis unde r (•( msidera 
tion Al'ill usually lall hot. ween these two, 
like n/i, ae, ad, etc., b'ig. I'd. 'I'lie !reiieral 


lii'v h)r all of these paths is ./»/'" con- 
stant, in which the slope is determined by the valine of (he exponent n 
(Art. 91). For a = (), the jiath is one of constant pressure, ne, h'i.g. dll. 
1 or «= infinity, the path is one of constant V()lnine.'>= The s( eej nie.ss ” 

of the path increa.ses with the value of n. ( Note that, the cut 

n applies to F only, -not to the whole expression.) 


98. Work done by Expansion. For this general ease, the external 
work area, adopting the notation of Art. 9“), is, 

Bui, since P- = p = jv. .vhen.-n. . 


v urjoxw Jii J 


i>j u u 


wi- iiiav ^vritl■ ir 




l>V 




in wliicli, for V- 


I'miiN, II j\v ■ ()i ■ 1 ), !L liiiih' (jiiaiil ily. 'I’ln' work iimlcr uii (“xpoiiontial curve 
fwlii'H ?(>n \s tini:-! litiilf !iii(l (■(iiiun('iisunil)I(', no nnitlor how far the expansion 

he (’on!inui-(l, 


99 . Kclation.H of Properties. 


I'kir a |H‘rr('cl, >pis, in which 
pvT. 


P r _ jin 

f T’ 


wo have 


If l•\pansion jirocoiMlc acMainliiiH- lo fhe law /’ T" • - /o''*, w(! obtain, dividing the 
liiv.t of lliesp l■lJualion.s by tho .'^I’cimil, 


■' 7’, whiMico ^ 
7 ’ 



'I lii-i ro' iill piTniils ol lbi> (■oinpiiialion of Ibc cliangi' in l(’in]>('.ratur(( following a 
c.iviMi i'\|>an .ioii. r niay .'iiinilai'ly derive a ri'lation betwiHMi t(nn[)(!raturu and 
pl’e. Ul'e. .Siiire 

I I 

J"'” PI "• >'(/')“ nividing the exjin'ssioiipaV’ ■ : 7' 17 by ilu.s, we have 


ji I II I , / \ »“j 

7 '( />) " /( /') ” , wIk'ium! - ■■=1^-] “ = 

t \PJ 

r.v iiiler]iri‘i:iliou ol'Iliesi^ I'onnuln.s of rt'laiion, wo. observe that for 
valnen of eseeeiiiii;'; iiiiily, iliiriii;; expa.nsion {i.n. inc.voaso of volume), the 
preMoiiri' and lemperal uro deerease, while oxl.ornal W'ork is dune. The 
y;iin or Ins.; of heal, wo l^■m^o|. yot dolonnino. On tlio ollnu’ liand, dnriiig 
(■oinpresNii.ii, ilii- volume deereasos, the pia'ssun; a.n(l ienipei'atuve increase, 
and \Mirk i;; apeul. iijion llie ".as. In llio work exjn’i'ssion of Art. 98, if 
7*. 0. / are always uiidei-;.! ood lo denote lh(> initial e.onditions, and P, V, T, 
file liiial eondil ioim, then Ihe work (pianfit.y for a ronijurs.vtm is negative. 

100 . Adiabatic Process. 'I’liis (ei'in (;\rt. S.'k) i.s applied to any 
proeess euiidiieled wii limit |lio I'eeoplimi or rejecfioii c)f lioat from or 
to .surrmuidiiip’ bodies by the substaneo under consideration. It is 
by far the most important nimlo id' expansion rvliieli wo shall liavo to 
emisidei-. 'The substance expands without, ffivinijf limit to, or taking 
lieat from, oilier bodies, /t mail him' heat, hjj (la'ngj work ; or, in coin- 
jn'ession, 'U'nrli' maa hr i'.rju'iiilril on 1 he substaneo so as to cause it to 
pain hrat : but t here is no transfer of Inxit. bet.wiH'ii it and surrounding 

bodiov.; I f -I'lv ,.,.o!d 1„. Iifl.-oil in oiM-feel 1 V lloll-COlul lud iiur CvUlldor. 



for tlie transfer of heat. The expansions and comjjressions ol itn^ uir 
which occur in sound waves are adiabatic, on ac.couul, of their rapidit.j 
(Art. 105). In the fundamental equation .77’= T ~\- 7+ IT, I lie adi- 
abatic process makes II— 0, ivhence W= — (7'-P 7) ; or, llu' i‘.r/rr/iiil 
work done is equivalent to the loss of internal ener;///^ at the iWjieiiHe uf 
ivliieli energy the work is q)erfornied. 


101. Adiabatic Equation. Let unit quantity of ,qas expand [idiahatieally 
to an infinitesimal extent, increasing its volume by dr, and deensising il.s 
pressure and temperature by dp and dl As has just been shown, 
TF= - {T+ I), the expression in the parenthesis denoting ilie e.hange in 
internal energy during expansion. The heat necessary to produe.i' this 
change would be Idl, I being the specific heat at eomstant volume. 'Phe ex- 
ternal work done is W=^pdo] conseipiently, ■pdr^.— Ud. h’rom the 

equation of the gas, jpv = Rl, t wlicnee, dl = • ' (jxlo -i- rdn). [ Isim-' 
this value for di, 

2Hlv = ~~(pdo -f- 'mlp). 

JLv 


But B is equal to the difference of the specific heats, or to /r — ? ; so l.hat 

-j—ipdr + rdpf 

(k — l)})dv 

= ~2^do — vdp, 


ypav-2Xiv 


- jjav 


yd v_ dp . . , . , 

V Jf by integration, 

ylog^v d- log,^ = constant, 

or pv'-^ = constant, 

y being the ratio of the specihe heats at constant prc.s.siir„ ,u„l 
stant volume (Art, 69.) 


102. Second Derivation, 
derivation of the adiabatic 
ing that the adiabatin ici o . 


A simpler, thougli less satisl'aetorv 
equation is adopted by some writer, s. 


mode of 
Assum- 


ininui; oi KMiipcraMirn iroiii Mo lau'. (Uianye, in mteriuii energy 

is /(/ • 7 '), 111' Iroiu Art.. TO, sinci* I ■. — 1 ), it is 

h\f. . ■ T) 
y \ 

I’)Ui. ill ailiabaiii’ ('Kpansinn, iJw (wlfnial u'ork (lone, vs (‘qnivahnit iv Ihe 
rliUHiji- ill iiih i'intl i'iii‘i''jy / t’onst'ijuciitly 

Rit T) IRl.^T), 
a - I 

II I/, ami llm ailialia.1 ir l■l|ual,inll is jii'''-. - /'TA For air, tlie adiabatic is 
lilt'll rcpi'i'si'iitoil by llm I'Xprcssioii jia r)’'"'" = a constant. 


103. Graphical Presentation. Since along an adiabatic the external 
Work is iloim at llm expense ol' the. inlernal energy, the teniperatnre must 
fall (luring; e^>pa!isioii. In the diagrain of h'ig. 1 0, this is shown by com- 
paring' the line nil, an isot hernial, with ne, an adiabatic. The relation of 
ji to /', in adiabatic expansion, is such as t,o eanse, the temperature to fall. 
'The pi'ojeeiions of these two paths on the. 'jin iilane show that as 
e\|)ansion proceeds I'roni ii, tlie jiressnri' fails more, rapidly along 
the adiabatic than along the isothermal, a result, which might have been 
autieipated from eoinparisoii ol‘ the, eipiathms of the two paths. If uii 
isothermal and an adiaba,t,ic bi' dra,wn through the same point, the latter 
will be t he *• st.eejier '' of tin' t wo eui'ves. Any number of adiabatics may 
be eonstnieted oil the /m diagra.m, d('])ending upon the value assigned to 
the constant, (pr'P; bid. since this value is determined, for any particular 
perfect gas, lu' cold cm pora.neons values of p a,ud e, only one adiabatic can 
be drawn for a. given gas t.hrough a givt'ii [loint. 


104. Relations of Properties. My tbo inotliocls of Art. 98 and 
.Art. 9i), we liinl, for adiabatic, elnuiges. 


iin". : /M'A 

/ yj 


I II yr 

’ I 


p 

P 


, W- 


V/-1 


I hiring c\|ian.'<ion, the pres.sure and teinperal are (Iccrease, external worlc is done 
al. the exjieiise of tile internal energy, luid there is no reception or rejection of heat. 


105. Direct Calculation of the Value of ij. 'riu' velocity of a wave in an 
medium is, aeeording to a luiidameiil.al jn'opositiou in dynamics, equal to 
(1 .a icii.v dividi'd bv the mass density:* thatis, 


The volume of this gas is ln=v\ so that y = and t’ = ~- 'I’hc ptil-i.al imm 

t V III' 

which constitute a sound wave are very rapid, hence adial)atic, so Hint jivu conHl ant , 
and 

ypvy-'^dv= -i)ydp 

ypv>‘~'^ dp 1J2 
dv~ It)' 


vdp 


V V) 


y=- 


Vho 

sv ■ 


For 32 F. and p 14.697X144, w-0.081. Talcing g at 32. 1<) and V at (he 
experimental value of 1089, ' ^ 


1089XJ08nx0.081 ^ 
32.19X14.697X 144 


(3) 




ize,i ,„ta, Vi,.. 

volume meanwhile decreasing from y to F,„ tlien ' 




V ~ Vq = V 


>yi 

uv j 


-|YZV 'I'ldiMdiange.s. If is ti„, vnh 


V (velocity) = and e 

' w __ 

u».e of IV lb. of gao („o, tho voU„L) , ' ' ' 

for the velocity, ’ ’ iv" " 



For t = 530, p = 100, P = 400, this becomes 
F: 


132.2 X 53.36 > 

c 530 

X 

o 

X 

144 / 

1 100 X 144 j 


(100^ 

Uoo>i 

o.ria 1 
1 

1 


1,200,000,000 


9060 


= 2078 ft. per second. 


This wonld be the velocity of the explosion in the cylinder of an internal com- 
bustion engine if the pressure were generated at all points simultaneously. As a 
matter of fact, the combustion is local and the velocity and pressure rise are much 
less than those thus computed (Art. 319). 


106. Representation of Heat Absorbed. Theorem : The heat ab- 
sorbed on any path is represented on the PV diagram by the area en- 
closed between that path and the two adiabatics through its extremities, 
indefinitely prolonged to the right. 

Let the path be ah, Fig. 27. Draw the adiabatics an, hN. These 
may be conceived to meet at an infinite dis- 
tance to the right, forming with the path the 
closed cycle ahNn. In such closed cycle, 
the total expenditure of heat is, from Art. 
90, represented by the enclosed area ; but 
since no heat is absorbed or emitted along 
the adiabatics, all of the heat changes in the 
cycle must liave occurred along the path ah, 
and this change of heat is represented by the 
area ahNn. If the path be taken in the reverse direction, i.e. from h 
to a, the area ahNn measures the heat emitted. 


107. Representations of Thermal Capacities, Let ah, cd, Tig. 28, be tAvo 
isothermals, differing by one degree. Then efuN represents the specific 
hea,t at consta.ut volume, egmN the specific heal at ^ 
constant pressure, eN, fn, and gm being adiabatics. 

The latter is apparently the greater, as it should 
be. Similarly, if ah denotes unit increase of 
volume, the area ahMN represents the latent heat 
of expansion. The other thermal capacities men- | 
tioned in Art. 58 may be similarly represented. 



Fm. 27. Arts. 106, 100. --Kep- 
rcsentaliun of Heat Ab- 
sorbed. 



Fig. 28, Art. 107. — Thermal 



ilii’()U!;'h (.ho HjiriK^ point, if the n values are different. An infinite 
niiinhor of e.iirvo.s may be drav.’n, having the same n value, if they do 
not at any of their points intersect. Through a given point and with 
a giv('n value? of ?/., only one curve can be drawn. IVhen two or more 
rnn'c.s appear oil the same diagram, each having the same exponent (n 




Fici. 29. Art. 108. — Isodiabatics. 


'itliii'), Nueh eurves are called isodiabatics. In most problems relating 
, 1 ) ]i<*at uioLors, curves apt)ear in isodiabatic pairs. Much labor may be 
iavtal in coiuputal/ion bj'’ carefull}'- noting the following relations: 

J. In .hig;. ‘id {a), lot the isodiabatics 75 ^”^ ==const. be intersected 
ly JijK!S of constant pressure at a, b, c and'd. Then 


711—1 



Ta 

Tc 




(Art. 99). 


Pa =Pb, Pd= Pc, ni == a 1 ; 


.jjr-rr and y ^ (Alt. 




- 11 ). 


2. Tn h’ig. 29 (h), lot the same isodiabatics be intersected by lines 
f consttint volume, determining points a, h, c and d. Then 

\VJ T, 

-Id: 

\Vc) Tc 


(Art. 99). 


at a, h, c and d. 


Now 


T il— 1 

m— 1 

/-P*\ ”1 _ 

w 


(Art. 99). 


Ta — Tb, Td = Tc, ni=ni‘ 


• ^ — ^ 
" /A“Pc 


and 


P„ Pc 


(I) 


In this case, it is easy to show also, tnat 


Va^Va 

Vb 


and 


V. 7/ 


(11) 


but in this case (I) is not equal to (11) : the volume ratio is not equal to 
the 'pressure ratio. Note also that in each of the three cases the equality 
of ratios exists between properties other than that made constant along 
the intersecting lines; thus, in (a), the pressure is constant, and the 
volume and temperature ratio is constant. 


109. Joule’s Law. From the theorem of Art. 106, Ranldne has 
illustrated in a very simple manner the principle of Joule, that the 
change of internal energy along any path of any substance depends 
upon the initial and final states alone, and not upon the nature of the 
path. In Fig. 27, draw the vertical lines ax, by. The total heat 
absorbed along ab = nabN, the external work done = xaby. The 
difference = nabN — xabv = nzbN — xazv. is the chanae in internal 


no. Value of y. A method of computinf^ tlio valun oi y loi an n.i.s 
been given in Art. 105. The apparatus sliowii in I'hg. .‘50 has buiu. us.mI 
by several observers to obtain direct values for various giises. 'Plui vessel 
was filled with gas at P, F, and T, T being the, tein])(u-atun'. of ilu^ atinos. 

phere, and Pa pressure soiiiewha.t in excess ol tha.li 
of the atmos})h{'ro. J>y oixuiing tlm si.opeoek, a, 
sudden expansion took ])la,ee, the ]ii'essure. la 1 ling 
to that of the atinosplnuag and tin', tempera, turn 
falling to a point e.onsiilerably below (,liat ol llie 
atmosphere. Ldi tlu^ state ot Ihii gas iilter Ihis 
adiabatic expansion bi.i ji, r, I. Then, since 





7/ = 


log ■]) 

lo- r 


■ log /* 
•“ lo”' 0 


After this operation, the stopeoe.k is closed, and the gas remaining in the. 
vessel is allowed to return to its initial eoudilion of tmii peral.nre, 7'. 
During this operation, the volume remains eonslaiit; so that Ihe linal 
state isp 2 ) T] whence ]U’ == PF, or log V— log v — log p. ■— log /'. Sub- 
stituting this value of log V — -logv; in the oxpi'ession for y, wa; Imvn 


log p — log 1* 
iogpo-lugP’ 


so that the value of y may be computed llm promnr. rliKniii’s 
Clement and Desormes obtained in this manner for air, y -- l.bofil ; (Jay- 
Lussac and Wilter found 7/ = 1.. ‘5745. The ex])erimeiil.s of Him, NN'eisliacb, 
Masson, Cazin, and Kohlrausch were conducted in the sa.me manmn-. '!'hn 
.method is not sufficiently exact. 


IIL Expansions in General. In adiabatic expansion, the ('xtiumal xvork 


done and the change in internal energy are e.(]ually repri'smilnd by llm 
. 0)7^ jPT^ 

expression -L-— derived as in Art. 98. For expansion from />, r to 

• . ^ . pv 

infinite volume, this becomes ~ • The external work done, durin;,!,' <oo/ 

expansion according to the law pi;'‘ = PF« from j)yto 7^)’', is 


r] 


JT. 


The stock of internal energy at p, v, is = U' at 7’ Fit is 

y-1 ’ ’ ’ ' ' y.^ 1 

The total heat expended during expansion is equal to the algebraic sum 
of the external work done and the internal energy gaiiu'd. 'I’hen, 


H={T+I)->rW= 
= E{t - T) 


FV 


pv 


y-1 y-1 

1 1 




\n — l y-1 


ZO/-l)(i-r) 


1 y-1 

1 


Qc-T)(t-T) 


= l{t-T) 


11-1 y 

y-1 


-1 


■1 2 /- 1 . 

= l(t— in which t is the initial, and T the final temperature. 


This gives a measure of the net heat absorbed or emitted during any ex- 
pansion or compression according to the law pif = constant. When n 
exceeds y, the sign of II is minus ; heat is emitted ; when n is less than y 
butgToater than 1.0,heat is absorbed: the temperature falling in both cases. 
When n — y, the path is adiabatic, and Iieab is neither absorbed nor emitted. 


112. Specific Heat. Since for any change of temperature involving 
a heat absorption II, the mean specific heat is 



we derive from the last equation of Art. Ill the expression, 


giving the specific heat along any path pv" = PV". Since the values 
of n are the same for isodiabatics, the specific heats along such paths are- 
equal (Art. 108). 

113. Ratio of Internal Energy Change to External Work. For any given 
value of 71, this ratio has the constant value 

n — 1 

y-1 

114. Polytropic Paths. A name is needed for that class of paths 
following the general law jjvn =PF”, a constant. Since for any 
gas y and I are constant, and since for any particular one of these 
paths n is constant, the final formula of Art. Ill reduces to 

In other words, the rate of heat absorption or emission is directly pro- 
portional to the temperature change; the specific heat is constant. Such 


vanid t)r n ranges irom 1.0 to iiinnity. iUgnre di wiii inaKe tne coiicep- 
tiou more general. Let a represent tlie initial condition of tlie gas. If 



it expands along the isothermal ab, n = 1, and s, the specific heat, is infi- 
nite ; no addition of heat whatever can change the temperature. If it 
expands at constant pressure, along ae, n = 0, and the specific heat is finite 
and equal to hj —k. If the x^ath is ag, at constant volume, is infinite 
and the sx^ecilic heat is positive, finite, and equal to 1. Along the isother- 
mal af (coinx'>i'ession), the value of n is 1, and s is again infinite. Along 
the mliabatic ah, n = 1.402 and s = 0. Along ai, n = 0 and s = 7c. Along 
ad, '»> is infinite and s = 1. Most of these relations are directly derived 
from Art. 112, or may in some cases be even more readily apprehended by 
drawing the adiabatics, en, gN',fm, i3f, dp, bP, and noting the signs of the 
areas rex^resenting heats absorbed or ennitted with changes in temperature. 
Lor any xnath lying between ah and af or between ac and ab, the specific 
heat is negative, i.e. the addition of heat cannot keep the temperature from fall- 
ing : nor its abstraction from rising. 


RELATIONS OF n AND s 


61 


In Fig. 32, let ah, cd, e/be curves thus drawn. Their general equation is = C, 


whence + c/;; = 0 or 

V 

dv V 

If MTV is the angle made by 
the tangent to one of the curves 
with the axis OV, and MOV 
the angle formed by the radius 
vector RJM with the axis OV, 
then, since dp ~ dv is the tan- 



gent of il/i F, and p ; u is the Fig. 32. Art. ll(i. — Determination of Exponent, 
tangent of MOV, 

-tanil/Tr= n Vwi MOV. 


If the radius vector be produced as IlMNQ., the relations of the angles made be- 


tween the OV axis and the successive tangents MT', NS, QU, are to the angle 



Exponent. 


MOV as just given; hence the varioms tangents 
are parallel (I). 

Since tan J/TF = ilfy -i- gT and tanilfOF = 
il/y -i- Og, the preceding equation gives 




whence n = Og -- gT. (The algebraic sigins of 
Og and gT, measured from g, are different.) In 
order to determine the value of n from a given 
curve, we need therefore only draw a tangent 
JMT and a radius vector il/0, whence by drop- 
ping the perpendicular d/V/ the relation Og - 4 - gT 
is established. If we lay off from O the distance 
OA as a unit of lengtli, drawing A C parallel to 
the tangent, and CB through C, parallel to the 


radius vector, then by similar triangles 
Og : gT:: OB : OA and Og -r- gT = OB = n. 
Figure 33 illu.strate.s the generality of this 
method by showing its application to a 
curve in which the value of is negative. 




OP Draw the vertical line MS and tlie Jiorizont.ai nun. n/ / . .... 

line rf7 making an angle of 45° with OP, and the lino .V/^ 

45° with 2IS. Draw the vertical line RN through R, and the lH.n/..nl,d hu. t P. 

tlirDii»h U. The coor<lmat6s of the roiiit of JV, "I n."». 1 m,.-s :,n, 

Offend RN. Let the coordinates of M. '«/-{= 0<i).an.l 

v,p; andthoseofit',0/f,audiffV( = OL),bj r.N 

= OR ^ TJ/ = (T“r)n' .'■> and tan f’0f/= f/L -e ///'-//, ;■ -t /, ( /' / ) , 

.vhence r=r(lan 70.1 + 1) and (tan /'O/.' -H). If the hnv of ll.n 

curve througli 2f and N is to be pv'‘ = 7^1’'", we olitain 

PCtanPOTJd- l)e’*= P{e(lii]i 171.1 -|- I)!'', 


whence (Ian POB + l)=:(tan T'0.1 + 1)". if now, in the fir.st ]>laee. \ye nniKe ll... 
angles FOB, VGA such as to fullill this condition, tlien ilie ].i)inl ,V and oth.'i's 
similarly deterniined will be points on a curve following the law jir" /'I 


118. Tabular Method. The equation pv’‘ = /’I'" may Ik' wrill.eii /> 



n 


or log p — log P = a log ( T -r* ?/). Ifwoexju'esH as a delinite inilial |ire;,suie toi 
all PV" curves, then for a specific value of n and for definite r.il ius 1 : e we luny 

tabulate successive values of log^mind of ji. .Such tables for various values ol n 
are commonly insed. In employing them, the final iiresstire is round in ll•l'lllS(d 
the initial pressure for various ratios of final to initial volunnu 


119. Representation of Internal Energy, in 0.5, let, .l/f re]iri';a'iil, 
an adiabatic. During expansion from A to ft, the exluumal work tlmie is 
ylfthc, wliicli, from the law of ilie adiabat ie, i.c 
equal to the expenditure of internal (Miorgv. If 
expansion is coiitinned indtilinitioly, Ilie ndinliul io 
An graduallj approaches the a.xis OI'. the area, 
below it continually repre.scuting ('xpendilnn' of 
internal energy, until with iiilinite expunsiou .{//. 
and OV coincide. The internal energy is llion on- 
hausted. The total internal energy of a substance 



Fig. 35. Art. 119. — Repre- 
sentation of Intern.ai may therefore be represented by the area betwtien 
the adiabatic through its state, indefinitely prolonged 
to the right, and the horizontal axis. Kepresentiiig this (plant, ity liy /■;, 1 lieu 
from Art. Ill, 


Jv II — 


2/-1 


where v is tlie initial volume, p the initial 


Tiressure. atid n ilie, adiulmlie 


isoaynaiiuc. it is reqmrea to tina tlie cnange 
A and B. The external work done during adi- 
abatic expansion from J3 to C is equal to BGcb ; 
and this is equal to the change of internal en- 
ergy between B and C. But the internal energy 
is the same at G as at A, because AG is an 
isodynamic. Consequently, the change of in- 
ternal energy between A and B is represented 
by the area BGcb ; or, generally, by the area 
included between the adiabatic through the final 
state, extended to its intersection with the iso- 
dynamic through the initial state, and the hori- 
zontal axis. 


ot internal energy between 



ternal Energy, Second Dia- 
gram. 


121, Source of External Work. If in Fig. 36 the path is such as to increase 
the temperature of the substance, or even to keep its 
temperature from decreasing as much as it would 
along an adiabatic, then heat must be absorbed. 
Thus, comparing the paths ad and ac, Fig. 37, aN 
and cm being adiabatics, the external work done 
along ad is ade.f, no heat is absorbed, and the internal 
energy decreases by adef. Along ac, the external 
work done is acef, of which or/e/' was done at the ex- 
pense of the internal energy, and acd by reason of 
the heat absorbed. The total heat absorbed was 

Nacm, of which acd was expended in doing external work, while Ndcm went 
to increase the stock of internal energy. 

122. Application to Isothermal Expansion. If the path is isothermal. Fig. 38, 
line AB, then if BN, An are adiabatics, we have, 

W + N = external w'ork done, 

X + V = heat absorbed — W + X, 

W -i- X = internal energy at A, 

Y Z — internal energy at B, 

W = work done at the expense of the in- 
ternal energy present at A, 

X = woi-k done by reason of the absorption 
of heat along AB, 

Z = residual internal energy of that originally 
present at A, 

F= additional internal energy imparted by 



Work in Isothermal Expansion. 



Fig. 37. Art. 131. — External 
Work and Internal Energy. 



XiUiLC oaca © — * . i i i 1 , 

path, hn and aN adiabaticH, and nc an isodynannc. .1 In- ex ,ni n.i \m'I v ' )' 

^ «/; is «/>*; wliilu Uu>, increase oi iiilm n.il ( ini ns 

hefd. Tim total heat.absorbed is •I'pivsnih-d by 

the combined areas (ihc/r. If llm pnlli ah is isu- 
thermal, this construction leads to the known re mil. 
that there is no ;4aiu of iidcrnal ener;’.v. and tlnil tin 
total heat ahtiorhod riju<th tin' I'xlirnal inir/.-. II tin- 
path be one of those de- 
scribed in Art. lln as ol 
negative s]>ee.irn! heat, we 
may represent it as n//. 

Fig. -hh Let III! in be. an 

adiabatic, ddie ex'te.rnal 
work done i.? fi[/dc. The change of internal energy, 
from Art. 120, i.s %d/’. if ah is an isodynumic; a.ud ] 
tins being a negative area, we noi(5 that inltn'iial en- 
ergv has been expended, allhougli lunit has binm ab- 
sorbed. Con.se(pient.ly, the temperature lias falh'ii. It 
seems ab.surd to conceive of a substance as receiving lieiti wliilo lalling in loin- 
lierature. The explanation is that it is cooling, by doing exl.ernal woi'k, taster 
than tlie supply of heat can Avann it. Thus, 11 = 7’-!- I T L’i // • ^ II ; coii- 


Fig. .39. Art. IS-"..— Kepresen- 
tiition of Heat Absorbed. 



Art. f.’;;. NO 
. Spccilic 1 teal . 


sequently, (T + 7) is negathm. 


123rt. Ordnance. Some such equation a, s that given in Art. iD.'w/ inny apply 
to the explosion of the charge in a gun. Ordinary giuijiovvder, unlike various lio 
tonatiug compounds now used, is .scarcely a true explosive. It is merely a rapidly 
buruiug mixture. A probable expre-ssion for the reacLhm with a eoiumoii lyjie nf 
powder is 

4 KNOg -b -h S = KoCOg -b K..SO^ -b N., + 2 CO, + ( '< >. 

It will be noted that a large proportion of the ]irodue.ts of comhtisMon aro ludida; 
probably, in usual practice, from 55 to 70 per cent. As hrst formed, t.lmse may be 
in the liquid or gaseous state, in which case they eoutrilmte. large quautilies of 
heat to the expanding and cooling charge as they liipiefy and solidify. 

When the charge is first fired, if the projectile standsstill, the l,em]ierntun> and 
pressure will rise proportionately, and the rise of the formi'r will be ihe (pud lent of 
the heat evolved by the mean specific heat of tlui prodnels of (mmlmstion. iA.rl ii- 
natelyfor designers, the projectile moves atari early stage of thi- ('onibn.sMeii. si. thal 
the rise of pressure and ternperatm-e is not instautaneons. and the shock is more m- 
less gradual. After the attainment of maximum jn'cssure, the gases expaml, 
driving the projectile forwai-d. AVork is done in acciderating tin- hiltia, bill Die 
process is not adiabatic because of the contribution of heat bv tin- nllimatelv snll,! 


this traverse have been studied experimentally; the loriner by the chronoscope, 
the latter by the crusher gage. 

The suddenness of pressure increase may be retarded by increasing the density 
of the powder, and is considerably affected by its fineness and by the shape and 
uniformity of the grains. 

Suppose 1 + s lb. of charge to contain s lb. of permanently solid matter of spe- 
cific heat = c, and that the specific heat of the gaseous products of combustion, 
during their combustion, is 1. Let the initial tem]jerature be 0° F. Then the 
temperature attained by combustion is 

T = JI-, 

I + c.v 


where H is the heat evolved in combustion. During any part of the subsequent 
expansion, 

11= T +1 + W^ E + TV, 

(III = Idl -b pdv. 

The only heat contributed is that by the solid residue, aud is equal to 
dU = — scdl = Idt + pdi), 

so that — (sc + 1) (It —pdu = Ri — , 

'c 

/ I (It rj dV 

— (sc + l) — = Ii — > 

^ t V 

and between the limits T and t, 


f \8C+1 


\ 0 / 

• Lrl 

‘ = ^(7) ’ 

where V is the initial and v the final volume of the charge. Now since F ^ 

^•+SC 

JL = Yl- — ( The external work done during expansion is 
P vT \v) 

PF = pdv = - J — ^sedt = (sc -b Z) (T — t) 


f , V f 1 / \sc-rl 1 

= l^sc + l)I |1- (~) j- 

If we wish to include the effect due to the fact that a portion, say r, of the original 
volume of charge forms non-gaseous products, we may write for V, F(1 - r), and 
for V, V — rV, and the complete equation becomes 


y = iwijuuu 

J 




If w be the weight of projectile, Fq the velocity imparted thereto, and / the 
“factor of effect” to care for practical deductions from the computed value of W, 
then 





and 



which for our conditious, with w = o, f = 0.90, gives 

The maximum work possible would be obtained in a gun of ample length, the 
products of combustion expanding down to their initial temperature, and would be, 
for our conditions, 

TF= 778 II = 778 T(l + os') = 778 x 4000 x 0.2-1 = 814,080 ft. -lb. 

The equation of the expansion curve is pv^ = const., where n has the value 

; or, for our conditious = 1.3, nearly. 

£ -t- .s'O 0.2-1 

Viewing the matter in another way : the heat contributed by the solid residues 
is that absorbed by the gases ; or 

sc = -s^, 

where si is the specific heat of the gases daring expansion. 

Then s, = I ~ - and n = - , as before. 

n — 1 I + sc 


The external work done during expansion is 

W = ^ /p7 _ f i±I£) ^ 

n — 1 /c + sc — I ~ sc ^ Xk — I } 

from which the equation already given may be derived. 


iT-t)Ql-sc), 


Modipicatioxs IX IrPwEversiblb Processes 

124. Constrained and Free Expansion. In Art. 86 it was assumed that 
the path of the substance was one iiivoh'ing changes of volume against a 
resistance. Such changes constitute constrained expansion. In this pre- 
liminary analysis, they are assumed to take place slowly, so that no 
mechanical work is done by reason of the velocity with whicli they are 
effected. When a substance expands against no resistance, as in Joule’s 
p.xnpriment. nr a,frainBt a. poumarnti vrI v sliji-ht rp.sista.npp. wp have wlia.t is 


■ , M 4 (LI 1 1 « t i ( I Kti in I wii. .JLUVJ i-zA. lii.l lltu <Ui.LL ill- 

liM'iial |irc,ssuri-s at. any .stale, a.s in Art;. St!, dilTer to an iivHnitesiinal 
extent, iinly ; tin* i|nantitie.s are t.lierel'oi'e in linito terms etiua], and the 
proees.ses may hi! svorked n/ v'iH in. vilhor (liivclion. A polytropic path 
liavin'f a. linife exponent, i.s in "-eiierah t.hen, reversible, a oliaraetevistio of 
Inmlamenlal iniporlanee. hurin.i^ the a,dia.l)a.t.ic proe.( 3 SH whitdi occurred 
in rloiile's expeiamenl, tin* exlinamlly ix'sistinijf ])r(:asuro was zero while 
the internal pressui-ii of t.ln) pms wa.s linitt!. Tlie process could not be 
reversed, lor it. would be impossible for t.lu* j^as to How against a pressure 
gri'aler than il.s own. 'I'he geiiei’alion oi' heat by JVi(ition, the absorption 
of lu‘al. by one body from another, (d.e., are more familiar instances of 
irrcri'rni/i/f' yo'oer.s’.s. Sinei* t.hese. a.e.l,ions ta.k(', ])lae.e to a greater or less 
ext.ent. in all aetnal I. henna, 1 pln'nomena., il is imponsihln for nnij actual 
prorusu to he pi'rfi‘(il;i rri'vruihir. “A iiroeess affee.t.ing two substances is 
reversible only when the- eondilions existing ii.t the commenc.ement of the 
])roet*s,s may be diri’cl.ly resl.oretl without compensating changes in other 
bodies.” 


126. Irreversible Expansion. In h’ig. ■11, h^t the substance expand 
nneonsl.ra,ine(lly, as in .loule's e.xperiment, from a t.o h, this expansion 


lining iirodiieed lo' f.ho sudden deci'ease in. ex- 
ternal pressure when the st.oj'cock is opeiu'd. 
Along the ]>ath oh, t.here is a violent nnivenumt (jf 
tin* part.ieles of gas; the, kinetic, energy thus 
('volved i.s t.ra,nsformed into jiressui’i! at the end 
of the exjiansion. ea, using a rise of jiri'ssun^ to c. 
ddu' gaiii or loss of internal miergy deiiends solely 



upon the stales o, c; t.he extei’iial wol'k don<3 does 
not. depend on tin' iiu'eversible path oh, for with 
a. zero resist. ing pi’essure i/o (‘.liunuil u'ork ts done. 


Fin. 41. Art. 120. — Inv- 
vcrsiblo Path. 

The theorem of Art. 86 


is t.)'ue Old p for no'to'uililu opera! iouu. 


127. Irreversible Adiabatic Process. (da.r(>ful consideration should be 
givmi 1.0 unc( msl, mined a.dia.bat.ic. ])r()cesses like- tlntsc exemplHied in Joule’s 
experinnmt. In l.ha.l. instanc(>, tlui t.empera.ture of the gas Avas kept up by 
till'. i.ra,nsforma.tion ba.ch to heat of the velocity energy of the rapidly 
moving particles, t.hroiigh themi'dium ol Ji'ietion. \\ehave here a special 
easi' ol' heal, absorption. .No heat wu-s ris'eived from u'llJiout ^ the gas 
remained in a. heat-insula, led condition. While the process conforms to 
■11 i:..i. s:‘!i il-. no a.e.tion not contemi dated 
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APPLIED THERMODYNAMICS 

ronndmg bodies, but from the mechanical action of the suhsUi'ncc itself. 
The fundamental formula of Art. 12 thus becomes 

!r + 1+ W+ F, 


in which F may denote a mechanical eHect due to tlio Yolocity of the 
particles of the substance. • This subject will be encoiiiitoicd lutoi in 
important applications (Arts. 175, 176, 426, 513). 


Fuether Application of the Kinetic Theory 


127 a. The Two Specific Heats. The equation has becui (hnlved (Art,. 65), 


pv = 


W 

‘^9 


■ w" 


M 

:3 


• w^, 


in whichp = the specific pressure exerted by a gas on its l)()unding siirriiui's ; 

V = the aggregate volume (not the specific volniiie.) of Hk' gas, 

W = the weight of the gas, whence —= its specilic volume, 

W 

M = its mass, 

10 = the average velocity of all of the molecules of i.lu^ gas. 

The kinetic theory asserts that the absolute toinjK'rature. is ])ro])()rti(mal to tln^ 
mean kinetic energy per molecule. In a gas without inte.rmoh'.cular al.tra(d.i(ms 
the application of heat at unchanged volume can only add to thekinetie, ('iiergy of 
molecular vibration. In passing between the temperatures and /y, l.htm, the ex- 
penditure of heat may be written 






uf). 


(^) 


If the operation is performed at constant pressure instead of constant volunu' 
the expenditure of heat will be greater, by the amount of heat consummi in per- 
forming external work, p{v,, - j;,). From Charles’ law. 


, C Mu\? Mw,- 


L 




Then 


Vi, 


- 1 = 


1 ; 


The external work is then 


iO£j- 
10, “ 



a polyatoinic gas (in whicli each molecule consists of more than one atom), there 
are interattractions and repulsions among the atoms which make up the molecule. 
Clausius has shown that the ratio of the intramolecular to the “ straight line ” or 
translational energy is constant for a given gas. If Ave call this ratio m, then for 
the polyatomic gas 

111 ~(\ + m) - Wt}) 

Ilk = (1 + m) ^ (wo^ - u’l^) + 

W U 

= ^ + •’ "0 

1 — ilk — “ (d + 3 in') _ 5 + 3 
III ~ ’ h d7( ~ 3 + 3 m’ 

If m. = 0, this becomes as for the monatomic gas. The equation gives also, 

VL — 5 — 'iJL. Por oxygen, with y = l.I, m = - ii ix = = 0.667. 

3// -3 ’ •’ 4.2-3 1.2 


127 1). Some Applications. Writing the lirst equation given in the form 


•W“ 


km=Anuj, 


we liave for 1 lb. of air at standard conditions 
111 


V'3 X 53.36 X 402 x 32.2 = 1503 ft. per second, 

the A^elocity of tlie air molecule. Noting also that lu — (/) V o under standard con- 
ditions, Ave obtain for hydrogen 


= l.")!)3-\/--^^^ = 6270 ft. per second. 
>12.337 ^ 


These are mean velocities. Some of the molecules are moving more rapidly, some 
more slowly. 

The molecular A'elocities of course increase Avith the temperature and are 
higher for the lighter gase.s. A mixture of gases inclosed in a vessel containing 
an orifice, or in a porous container, Avill lose its lighter comstituents first; because, 
since their molecular velocities are higher, their molecules Avill have briefer 
periods of oscillation from side to side of the containing vessel and Avill more 
fi-tupiently sti'ike tlie pores or orifices and escape. This principle explains the com- 
mercial separation of mixed gases by the process of osmosis. 

In any actual (polyatomic) gas, the molecules nioA'e in jmths of constantly 
changing direction, and consequently do not travel far. The diffusion or perfect 
mixture of two or more gases brought together is therefore not an instantaneous 
process. High temperatures expedite it, and it is relatively more rapid Avith the 
lighter gases. 

AVe may assume that intramolecular energy is related to a rotation of atoms 


Ill forming- new atomic bonds, beat may bo g<ni<.ini(.o(,l ; and when this generation 
of beat occurs with sufficient rapidity, the juaHUUss hoc.oniea .self-sustaining; i.e. the 
temperature will be kept up to the di.s.s()ciatioii point without any supjily of heat 
from extraneous sources. Tf, as in many caso.s, the generation of heat i.s less rapid 
than this, dissociation of the atoms ivill cease after the external source of heat has 
been removed. 

According to a theorem in analytical nieoliaiiics,* there is an initial velocity, 
easily computed, at which any body projected directly upward will escape from the 
sphere of gravitational attraction and never de.seend. For earth conditions, this 
■velocity i.s, irrespective of tlie weight of the body, (5.1)“) miles per second 3(3,650 ft. 
per second, ignoring atnio.spheric resistance. Now there i.s little doubt that some 
of the molecules of the lighter gases move at .spe.eds exceeding this ; so that it is 
quite po.s.tible that these lighter gases may be. gradiuilly escapiing from our planet. 
On a small asteroid, where the gravitational al.tractioii wa.s le.ss, much lower 
velocities would .suffice to liberate tlie mole.miles, and on some of the,se bodies 
there could be no atmospliere, because the Audcxdty at which lilreration occui’s is 
less than tlie normal velocities of the nitrogen and oxygen molecules. 

(1) Thermodynamics, 1907, p. 18. (2) Alexander, Treatise on Thermodynamics, 

1893, p. 105. (3) Wormoll, Tlwnnodynanncs, 123; Alexander, Thermodynamics, 
103; Rankinc, The Steam I'Jnyine, 241), 321; Wo< 3 d, Thermodynamics, 71-77, 437. 
(4) Zeuner, Technical Thermodynamics, Klein tr., I, 156. (5) Ripper, Steam Engine 

Theory and Practice, 1895, 17. 


SYNOPSIS OP CnAPd'ER V 

Pressure, volume and temperature as themaiHlymnnic courdinates. 

Thermal line, the locus of a series of suece.ssive sLate.s ; path, a pirojected thermal line. 

Paths: isothermal, constant LenipenUure ; isodyiiaviic, constant internal energy; 
adiabatic, no transfer of heat to or from surrounding bodies. 

'J'he geometrical representation of the oliaracteristio eiiuation is a surface. 

The FV diagram: subtended areas represent external work; a cycle is an enclosed 
figure ; its area represents external work ; it vepresents also the net expenditure of 
heat. 

The isothermal: pr” = c, in which n = 1, an equilateral hyperbola ; the external work 

done is equivalent to the lieat absorbed, =pM log,, : ^vitb a perfect gas, it coin- 
cides with the isodynamic. 

Paths in general : pv' = c ; external work = : 1- = ( ^”“5 f- 

n — 1 T V k / ^ \.P J 

The adiabatic: the external work ilono is opiivalent to the expenditure of internal 
energy; puv = c; y = 1.402; computation t'ruin the velocity of sound in air ; wave 
velocities with extreme pressure cliangos. 

The heat absorbed along any path is repre.seuted by the area between that path and 
the two -nroiocted adinbii.eiptt • .r 7.- .mrl J 


[.Htitliahafim : /i, jh ; cijual Kpiu’ific. luiais ; (iijiiality of property ratios. 

Raiikinc'.H ilcrivalinn of Jonki’.s law : lhi>. (•luoiiir of internal rnerrui between tioo states 
is liftin' path. 

ApparatUH for (icli'niiiniii;:' l.lu; value of y from pre.s.siirr rliaiu/es alone. 

Alnii^ any palli ]iv" e, l.lie heat ahsorheil is l(t — - ~ 1 ~) ’ mean .specific heat 

IS / y- Sui'l) pal.hs are. railed polytrapies. Values of n and s for various paths, 

(ira.pliiea.1 inel.linil for determining;' the value, af n; Jtrauer's methml for plotting poly- 
l.ropies ; the talnilar method. 

(Jraphieal representations of internal energy; rejm'.sentatinns of the sources of external 
work and of the el'feets of heat ; linite, area re])res(!nting heat expenditure. 

Polytropie expansion in oi'diianee. 

Irreversible jiraee.s.se.s : const rained and free exj)a.nsi()n ; reversibility; no actual proe- 
e.ss is reversilile ; exaupile of irrevi'vsibli' ]n'oe('ss ; subtended areas do not repre- 
sent external woi'k ; in adiabatic a.i'tion. heat, maybe received from the mechani- 
cal behavior of the .sabstani'c itself; // = T-}- i -f- IF-f F; further applications of 
t.he kinetic theory. 


Use of Hyperbolic Functions : Tyler’s Method. Given = a, let = e\ Then 
m log, a: ™ .s- and .r"‘ Adofitiug the general forms 

F = co.sh t ■+• sinh t, 
e.~‘ — cosh t — sinh t, 

we have. 

r- cosh (in log, .r) -b sinh (?« log, .r), where ni log, x is positive ; 
x’’^ (a)sh (m log,, .r) - sinh (m log, .r), where m log, x is negative. 

If now we havi> a I, able, of the sums and dilTertmces of the hyperbolic functions, 
and a tahh; of liypi'rholie logaritlims. we may i)ractically without computation ob- 
tain the viihu! of d’hns, take tiui expression 

/ M..7 \ 

V 111.7/ 

Here ,r = D.l'JSl, m = 0.2!), in log,.?; = - O.-nOO, (cosh - sinh) mlog,a: = 0.552. 
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APPLihiD 'mJUKMUV Y IN AMiUti 


NOTES ON LOGARITHMS 

Defirdiiom; log x or com log x—n, where ]0’*=.r. 

logea: = ?« where e'”'=x, e = 2.7l8.'i+. 
logeX = (2.3026) log-i:. 

Characteristic and Mantissa; the log (^on.sists of a ('haraclcrislir, inlegrnl ainl cilliei' 
positive or negative; and a mantissa, a positive fraction or (h'ciiiml. Dividing or 
multiplying a number by 10 or any nuilliple thereof (;ha.ng('.s I lie cliaraci eristic of 
the log, but not its mantissa. T]iu.s, 


log 

2 

Characteristic 

0 ■ 

M antissn 
0.30103 

written 

l),3l)ll):{ 

log 

20 

1 

0.30103 

written 

I .3l)lt):i 

log 

200 

2 

0.30103 

writlen 

2., 31) 10.3 

log 

0.2 = 

-1 

0.30103 

wrilb'n 

1 .3.0 103 

log 

0.02 = 

_2 

0.30103 

and ('(luiviilent i.o 
written 

0,l)i),Si)7 

2..3t)lt)3 




and (Kiuivalenl, to 

■-l.l)!),Si)7 


Operations with logarithms: 


log (aXb) —log a+log h. R('inenil)er also: 

1 

log {a~b)= log a - log h. ' xn = dyx. 
log (a)” =?ilogo. = 

log (a)” =log.^a=— — . 

n 


Negative sign: the signs of negative characti'rislics 
sidered. Thus, to find the value of 0.02 


mu, si, be 


c.'irefully 


coil' 


*“K'>02 = 2-3MW--2.0+(I,;»|ii:i, 

-0.37 log 0.02- -0.37(-2.0-1-0.:«1()3) =n.7.| -o.r I I t -ll.ffisii. 


=log (2^.252 = 0.02 


When the final logarithm comes out nenutive it i, , , • 

rithmic form (negative ebaractcriatie and padliv’,- n.aniis, 1',""'''',',' '"T’ 

tracting 1 . Thus -0.6286 = 1.3714 0.2,352 ' 

For example, to find the value of 0.02’°'*^ : 


log 0.02 = 2.30103 = — 9 n J_n Qnirvo 


jritwjtsjjjKjmo 


1. On a perfect gas diagram, the coordinates of "which are internal energy and 
volume, construct an isodynamic, an isothermal, and an isometric path through E 
(internal energy) = 2, V —2. 

2. Plot accurately the follo'wing: on the TV diagram,* an adiabatic through 
r=:270, P'=10; an isothermal through r = 300, P=20; on the TPf diagram, an 
adiabatic through r=230, P = 5; an isothennal through r = 190, P = 30. On the 
BV diagram, J show the shape of an adiabatic path through P = 240, F=10. 

3. Show the isometric path of a perfect gas on the FT plane ; the isopiestic, on 
the VT plane. 

4. Sketch the TV path of wax from 0° to 290° P., assuming the melting point to 
be 90°, the boiling point 290°, that wax expands in melting, and that its maximum 
density as liquid is at the melting point. 

5. A cycle is bounded by two isopiestic paths through P = 110, P = 100 (pounds 
per square foot), and by two isometric paths through F= 20, F=10 (cubic feet). 
Pind the heat expended by the working substance. (A ns., 0.1285 B. t. u.) 

6. Air expands isothermally at 32° F. from atmospheric pressure to a pressure of 
6 lb. absolute § per square inch. Find its specific volume after expansion. 

(A?ii5., 36.42 cu. ft.) 

7. Given an isothermal curve and the OV axis; find graphically the OP axis. 

8. Prove the correctness of the construction described in Art. 93. 

9. Find the heat absorbed during the expansion described in Problem 6. 

(Ans., 36.31 B.t.u.) 

10. Find the specific heat for the path PFi-2 = c, for air and for hydrogen. 

(Anl, air, —0.1706; hydrogen, —2.54.) 

11. Along the path PFi-2 = c, find the external work done in expanding from 
P = 1000, F=10, to F=100. Find also the heat absorbed, and the loss of internal 
energy, if the substance is one pound of air. Units are pounds per square foot and 
cubic feet. (Ans., 18,450 ft.-lb. ; 17=11,790 B, t.u. ; F/j - ^2 = 11.8 B.t. u.) 

12. A perfect gas is expanded from p = 400, v = 2, t = 1200, to P = 60, F=220" 
Find the final temperature. (Ans., 19,800° abs.) 

13. Along the path PF^-^ =c, a gas is expanded to ten times its initial volume of 
10 cubic feet per pound. The initial pressure being 1000, and the value of B 53.36, 
find the final pressure and temperature. (See Problem 11.) 

(A?is., p = 63.1 lb. per sq. ft., 4 = 118.25° abs.) 

14. Through what range of temperature "will air be heated if compressed to 10 
atmospheres from normal atmospheric pressure and 70° F., following the law = c ? 
What will be the rise in temperature if the law is prv = c ? If it is p'y = c ? 

(Ans., a, 371.3° ; b, 495° ; c, 0°). 


n-l 



(Ans., n,-E,= -21.0 15. t. u. ; A’,- > 5^- '• "•) 

16. In Problem 14, after compre.ssion alone; Uii' path lln' air ia cnobal 

at constant volume to 70° F., and then expanded aloiiL; lli(‘ iMidiabalii p.iili lulls 
initial volume. Find the pressure and temperature at the end nf ilns eNiiaiiMi.n. 

(Ans., 2> =t'.0-i lb. per .si]. in., t - -.il abs.) 




17. The isodiabatics ah, cd, are interseeted by lines of eonslani, voliune nr, hd. 

'Ea 

Ta 

18. In a room at normal atmospheric pressure and eonslani. teinpeiatuie, .i 

cylinder contain.s air at a pre.ssure of 1200 11). pel' sipiare ineli. 'I lie .sl.opi on Hie 

cylinder is suddenly opened. After the pressure, in the cylinder has lalleii lo Unit ol 
the atmo.sphere, the cock is clo.sed, and the cylinder lelt undisturbed lor 2 1 lioiiin. 
Compute the pressure in the cylinder at the end of this time. 

(/las., .'■)1.0! lb. iier sip in.) 

19. Find graphically the value of a for the. polytropie, curve nh. I’ig. -11. 

20. Plot by Brauer’s method a curve pi)i.''^ = 20,200. Ihse a. scale ol I inch per 
4 units of volume and per SO imits pres,sure. Begin the curve with p looi). 


21. Supply the necessary figures in the following lilaiik spaces, for n l..s, and 
apply the results to check the curve obtained in Problem 20, Begin willi a 0.12, 
® = 1000 . 

Y 

^ = 2.0, 2.25, 2.50, 3.0, 4.0, 5.0, 0.0, 7.0, .S.O 

v y 

log^=?rlog -== 


P~ 

P= 


22. The velocity of sound in air being taken at 1140 ft. ]ier second at. 7(1" hh and 
normal atmospheric pressure, compute the value of y for air. (,l «.s'., I. IdOd.') 

23. Compute the latent heat of expansion (Art. .IS) of air froin al iimspheric 
pre,ssure and at 32° F, (Ans., 2.015 B. t. u.) 

24. Find the amount of heat converted into work in a cycle 12:: I. in which 
Pi = Pi = WQ, Vi — o, y=:l,P 3 = 30 (all in lb. pel' sq. ft.), and the cqualiniis id the 
paths are as follows; for 41, PT'o = c; for 12, Pri/ = c; for 32, /M’-.c; Inr i:!, 
PFi-8 = c. The worlcing .substance is one pound of air. Find (he leniperalnres at 
the points 1, 2, 3, 4. 

(A?i.s.,sZr= 1.386 B.t.u.; ri=9.37°; I), = 1.007°; 7’,. = 1.007°; T, l.sT r.f 

25. Find the exponent of the polytropie path, for air, along winch tlie spivilii- 
heat is— fc. Also that along which it is —I Ivepre.sent these iiallis, and the amninils 
of heat absorbed, graphically, comparing with tlio.se along wliieli llie sjieeiiir hcais are 
Jc and I, and .show how the diagram illustrates the meaning of nepu/b'e .s/ar;//,' hnil. 

CAn.s.. for >1 — 1 le.r. r,... .. _ / 1 .i,.. , 


27. One pound of air under a pressure of 150 lb. per sq. in. occupies 4 cu. ft. 
What is its temperature? How does its internal energy compare with that at atmos- 
pheric pressure and 32° F.? 

28. Three cubic feet of air espand from 300 to 150 lb. pressure per square inch, at 
constant temperature. Find the values of 7f, E and W. 

29. How much work must be done to compress 1000 cu. ft. of normal air to a pres- 
sure of ten atmospheres, at constant temperature? flow much heat must be removed 
during the compression? 

30. Air is compressed in a water-jacketed cylinder from 1 to 10 atmospheres; its 
speciiic volume being reduced from 13 to 2.7 cu. ft. How much work is con.sumed per 
cubic foot of the original air? 

31. Let p = 200, 'U = 3, P=100, F=5. Find the value of n in the expre.ssion 
pv'n = FV^. 

32. Draw to scale the FT and TV representations of the cycle described in 
Prob. 24. 

33. A pipe line for air shows pre.ssures of 200 and 150 lb. per square inch and tem- 
peratures of 160° and 100° F., at the inlet and outlet ends, respectively. What is the 
loss of internal energy of the air during transmis.sion? If the pipe line is of mrifonn 
size, compare the velocities at its two ends. 

34. If air is compressed so that pui -35 = 0 , find the amomit of heat lost to the cyl- 
inder walls of the compressor, the temperature of the air rising 150° F. during com- 
pression. 



128. Heat Engines. In a heat engine, worlc i.s oi)iain<Ml from 
heat energy through the medium of a gas or vapor. Ol tho total 
heat received by such fluid, a portion is lost l)y condiuit ion from llm 
walls of containing vessels, a portion is discliargod to the, a.l inospliero 
after the required work has been done, and a third ])ortiou t/itiitp- 
jyears, having been converted into external mediauieal work, lly 
the finst law of thermodynamics, this third portion is e(|ui valent, to 
the work done ; it is the only heat actually m^ed. The effickncij of a 
heat engine is the ratio of the net heat utilized to the total quantity of 
heat supplied to the engine, or, of external work done to gross heat 

absorbed: to — = , in which h denotes the quantity of lusit 

HE 

rejected by the engine, if radiation effects be ignoiaal. 

129. Cyclic Action. In every heat engine, tho working llnid ijassc.s 
through a series of successive states of pressure, volunu’,, ami imupcral.nrr ; 
and, in order that operation may be continuous, it is iieccssa,ry (mIIut that 
the fluid work in a closed cycle which may bo repiiaind indolinilidy, or 
that a fresh supply of fluid be admitted to the engimi to eompimsate for 
such quantity as is periodically 
discharged. It is convenient to 
regard the latter more usual ar- 
rangement as equivalent ‘to the 
former, and in the first instance 
to study the action of a constant 
body of fluid, conceived to work 
continuously in a closed cycle. 

130. Forms of Cycle. The sev- 
eral paths de, scribed in Art. 83, and 
others less commonly considered, sug- 
gest various possible forms of cycle, 

.some of which are illustrated in Fig. < 'vflcs. 

42. Many of these have been given names (1). The imliahatir evde. In.un.h-.l bv 
two isothermals and any two isodiabatics (Art. 108), may also be,' mentioned. 
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most important achievements of modern physical science (’2). Carnot, it is true, 
worked with iiisufficieut data. Being ignorant of the first Jaw of therinodynamics, 
and holding to the caloric theory, he asserted that no heat was lost during the 
cyclic process; but, though to this extent founded on error, Ins main conclusions 
were correct. Before his death, in 1832, Carnot was led to a more just conception 
of the true nature of heat ; while, left as it was, his woric has Ikmui the starting 
point for nearly all subsequent bnve.stigations. The Carnot engine is the limit 
and standard for all heat engines. 

Clapeyron placed the arguments of Carnot in analjdical and graphical form ; 
Clausius expressed them in terms of the mechanical tlieory of heat ; Janies Tliomp- 
son, Rankine, and Clerk Maxwell corrected Carnot’s assumptions, redescribed tlie 
cyclic process, and redetermined the results ; and Kelvin (3) expressed them in 
their final and satisfactory modern form. 

132. Operation of Carnot’s Cycle. Adopting Kelvin’s method, 
the operation on the Carnot engine may he described by reference 
to Fig, 43. A working piston moves in the cijlmder e, the walls of 

which are non-conduct- 
ing, while the head is 
a perfect conductor. 
The piston itself is 

Fio. 43. Arts. 132, 138. — Operation of the Carnot Cycle. t , 

a non-conductor and 

moves without friction. The body s is an infinite source of heat 
(the furnace^ in an actual power jilant) maintained constantly at 
the temperature no matter liow much heat is abstracted from it. 
At r is an infinite condenser, capable of receiving any quantity of 
heat whatever without undergoing any elevation of temperature 
above its initial temperature t. The plate /is assumed to be a per- 
fect non-conductor. The fluid in tlie cylinder is assumed to he 
initially at the temperature T of tlie source. 

The cylinder is placed on s. Heat is received, hut the tempera- 
ture does not change, since hotli cylinder and source are at the 
same temperature. JExternal n'ork is done., as a result of the recep- 
tion of heat; the piston rises. When this operation has continued 
for some time, the cylinder is instantaneously transferred to the non- 
conducting plate f. Tlie piston is now allowed to rise from the exiian- 




ferred to r. Meat is noiv given ivp by the rlnid to i iio (•.ondciiHiir, niiii 
the piston falls ; but no change of temper atv re taker place. When tliis 
action is completed (tlie point for coinplelion ■will Ix'. (l(‘t(‘nniii(‘(l 
later), the cylinder is again placed on/, and the, pisl.oii allowed lo 
fall further, increasing the internal eiierg}’’ and tein])era.l nia^ ol ( In- 
gas by compressing it. This compression is coidinueil unlil lln- 
temperature of the fluid is and the piston is again in its initial 
position, when the cylinder is once more phuasl njxm .s- and (In! opera- 
tion may be repeated. No actual engine (!onld be bnill. or oja-raled 
under these assumed conditions. 

133. Graphical Representation. Tin; 
first operation described in the preceding 
is expansion at constant temperature . The 
path of the fluid is then an isothermal. 

The second operation is expansion without 
transfer of heat., external work being done 
at the expense of tlie internal energy; 
the path is consequently adiahatic. Dur- 
ing the third operation, we have isothermal 
compression; and during the fourth, adiahatic compn'sslon. 'I'lio 
Carnot cycle may then be represented by abed, h'ig. ■Id. 



134. Termination of Third Operation. Tu ordGv tliat tin! adiabal io <>< .in 


da may bring the fluid back to its initial conditions of jin-ssiin-, voIiium-, 
perature, the isothermal compression cd must be terminabid at a .siiilabh 
From Art. 99, 

t 


ml Imi- 
]Miint i/. 


and 


1 -;/ 


hence 


— = -/ — 

kd K F 


for the adiabatic d(/, 
for the adiabatic he ; 

TT. 




that IS, tie ratio of volumes during isothermal expansion in tlio first stage 
S ad°iatet.fc'o° compression in the third sta,. 

flualadmbatic compression IS to complete the cycle. (Co.npnro An,. Ins., 


must he 
c, if tlU! 


^ c 


is lit logg~ ■ Tlie net amount of heat transformed into work is the 

difference of these two quantities ; whence the efficiency, defined in 
Art. 12(S as the ratio of tlie net amount of heat utilized to the total 
amount of heat absorbed, is 


af'. 


\ 




V 


T-t 


V,. K 


ijyiog.-p 


^ , Since -r~ — from Art. 134. 

1 y a ' d 


136. Second Derivation. The external work done under the two adiabatica 
Z/c‘, da is 

fVWAZ. and 

y - 1 2/ - 1 


Deducting the negative work from the positwe, the net adiabatic work is 

- P,V, - PJA + 

2 / - 1 

but Pay a — PhVh fi'oni the law of the isothermal ah\ similarly, PaVa = and 

consequently til is network is equal to zero; and if we express efficiency by the 
ratio of work done to gross heat absorbed, ive need consider only the work areas 
under the isothermal curves ah and cd, which are given by the numei’ator in the 
expression of Art. 135. 


The efficiency of the Carnot engine is therefore expressed by the 
ratio of the difference of the temperatures of source and condenser to 
the absolute temperature of the source. 

137. Carnot’s Conclusion. The computations described apply to any sub- 
stance in uniform thermal condition ; hence the conclusion, now universally 
accepted, that the motive power of heat is independent of the agents employed to 
develop it ; it is determined solely by the temperatures of the bodies between which 
the cyclic transfers of heat occur. 

138. Reversal of Cycle. The paths which constitute the Carnot cycle, 
Fig. 44, are polytropic and reversible (Art. 125); the cycle itself is rever- 
sible. Let the cylinder in Fig. 43 be first placed upon r, and the piston 
allowed to rise. Isothermal expansion occurs. The cylinder is trans- 
ferred to /and the piston caused to fall, producing adiabatic compression. 


made up of the heat iahen from the condenser r, plus the heat equivalent of 
the v.'ork done -upon the fluid. The apparatus; instead of being a lieat 
engine, is now a sort of heat pump, transferring heat from a cold body to 
one warmer than itself, by reason of the expenditure of external work. 
Every operation of the cycle has been reversed. The same quantity of 
heat originally taken from s* has now been given up to it; the quantity 
of heat originally imparted to r is now taken from it ; and the amount of 
external work originally done by the fluid has now been expended upon 
it. The efficiency, based on our present deflnition, may exceed unity ; it 
is the quotient of heat impcaied, to the source by ^cor7c expended. The 
cylinder c must in this case be initially at the temperature t of the con- 
denser r. 

139. Criterion of Reversibility. Of all engines working between the 
same limits of temperature, that which is reversible is the engine of maximum 
efficiency. 

If not, let A be a more efficient engine, and let the power which this 
engine develops be applied to the driving of a heat irump (Art. 138), 
(which is a reversible engine), and let this heat pump be used for restor- 
ing heat to a source s for operating engine A. Assuming that there is no 
friction, then engine -.I is to perform just a sufficient amount of work to 
drive the heat pump. In generating this power, engine A will consume 
a certain amount of Ireat from the source, depending upon its efficiency. 
If this efficiency is greater tliau that of the heat pump, the latter will dis- 
charge more heat than the former receires (see e.xplauation of efficiency, 
Art. 138) ; or will continually I'estore iiiore lieat to the source than engine 
^1 removes from it. This is a result contrary to all experience. It is 
impossible to conceive of any self-acting macliine which shall continually 
})roduce lieat (or any other form of enci'gy) without a corresiconding con- 
sumption of energy from some other source, 

140. Hydraulic Analogy. The absurdity maybe illustrated, as by Heck (I), 
by imagining a water motor to lie used in driving a puiup, the pump being eni- 
jiloyed to delii'er the water back to tlie upper level which supjilie.s the motor. 
Obviously, the motor would be doing its best if it consumed no more water than 
the puuqi returned to the reservoir; no better performance can be imagined, and 
with actual motors and pumps this performance would never even be equaled. 
Assuining the pump to he equally efficient as a motor or as a pump (he. reversible), 
the motor cannot possibly be more efficient. 


cienfc engine A involved the continuous transference of heat from a cold body to 
one warmer than itself, loilhout the aid of external agency: an action which is axio- 
matically impossible. 

142 . The Perfect Elementary Heat Engine. It follows from the analysis of 
Art. 135 that all engines working in the Carnot cycle are equally efficient ; and 
from Art. 139 that the Carnot engine is one of that class of engines of highest effi- 
ciency. The Carnot cycle is therefore described as that of the perfect elementary 
heat engine. It remains to be shown that among rover, sible engines working be- 
tween equal temperature limits, that of Carnot is of maxiuium efficiency. Coji- 
sider the Carnot cycle abed, Fig. 41. The external work done is abed, and the 
efficiency, abed -f- nabN. For any other reversible path than ab, like ae or fb, 
touching the same line of maximum temperature, the work area abed and the heat 
absorption area nabN are reduced by equal amounts. The ratio expressing effi- 
ciency is then reduced by equal amounts in numerator and denominator, and since 
the value of this ratio is always fracti(mal, its v'alue is thus always reduced. For 
any other reversible path than cd, like ch or gd, touching the same line of mini- 
mum temperature, the work area is reduced without any reduction in the gross 
heat area nabN. Consequently the Carnot engine is that of maximum efficiency 
among all conceivable engines worked between the same limits of temperature. A 
practical cycle of equal efficiency will, however, be considered (Art. 257). 

143 . Deductions. The efficiency of an actual engine can therefore 
never reach 100 per cent, since this, even with the Carnot engine, would 
require if in Art. 135 to be equal to absolute zero. High efficiency is con- 
ditioned upon a wide range of working temperatures ; and since the mini- 
mum temperature cannot be maintained below that of surrounding bodies, 
high efficiency involves practically the highest possible temperature of 
heat absorption. Actual heat engines do network in the Carnot cycle; 
but their efficiency nevertheless depends, though less directly, on the tem- 
perature range. With many working substances, high temperatures are 
necessarily associated with high specific pressures, imposing serious con- 
structive difficulties. The limit of engine efficiency is thus fixed by the 
possibilities of mechanical construction. 

Further, an ordinary steam boiler furnace may develop a maximum 
temperature, during combustion, of 3000° F. If the lowest available 

... X. 1 • 1 • • 3000 

temperature surrounding is 0 F., the potential emciency is gQQQqj^^Q Q 

= 0.87. But in getting the heat from the hot gases to the steam the 
temnerature usuallv falls to about 350° F. Although 70 or 80 per 



not a heat engine.) 

(1) Aluxandor, Tre.atise on lliermodynamiCH^ 1893, 38-40. (2) Carnot’s Jic^ec 

Cvni.s is !tviiilal)hj in 'riitirstijn’s translation or in Magie’s Second Law of Thermody 
mtin/rs. An <iHtinia.t(; of his t^arfc in the development of i^hysical science is given bi 
'I’liit, 'r/tormodi/narnirs, 1808, 44. (3) 2'rnns. Boy. Soc. Edinburgh, March, 185l” 

Phil. Mttg., IV, 1H52 ; Alath. cmd Plajs. Papers, I, 174. (4) The Steam Engine, I 

r»(). 


SYNOPSIS OF CHAPTER VI 

Ili'iit l■n<gin(!S : (‘ilieiency = heat utilized ~ heat absorbed = 

( 'yclic. aotion : el o.sed cycle ; forms of cycle. ^ 

(’aniiit ryrle : historical development ; cylinder, source, insulating plate, condenser ; 

graphic-ill r<.‘i)re.sentation ; termination of third operation, when = effi. 

rn , Vc Eh 

cirncy ■■■ • 

CiU'Dot'.s cisnclusion : (\(}iciency is independent of the working substance. 

Kevcr.siil of c.y(de ; the reversible engitie is that of maximum efficienicy ; hydraulic 
analogy. 

Ciiniof. (\vc.le not surpiissod in elliciency by any reversible or irreversible cycle. 
hiiiiilationH of ollicioncy in actual heat engines. 


PROBLEMS 

1. Show how to oxpres.s the efficiency of any heat-engine cycle as the quotient 
of two iirciiiH oil the 7’ F diagram. 

2. Draw find explain .six forms of cycle not shown in Pig. 42. 

3. In fi Cfirnot cycle, using air, the initial state is P= 1000, F= 100. The pres- 
Hiin: fiflcr isol.hennal expamsion i.s 500, the temperature of the condenser 200'^ P. Find 
(he pressure fit the termination of the “ third operation,” the external work done along 
I'lich of (lie four jifiths, and the heat absorbed along each of the four paths. Units are 
ciiliii’ fetit per pound and pounds per square foot. 

Pins. ps=13.1; T'Fi 2 = 69,237 ft. lb.; Hi 2 = 88.94 B. t. u.; 

Tr23= 161,200 ft. Ib.; 4123 = 0 ; 

TF 34 = 24,368 ft. lb.; =31.32 B. t. u.; 

Tr 4 i = 161,200 ft. Ih.; 4T4,=0. 

4 . A non-reversible heat engine takes 1 B. t. u. per minute from a source and is 

nsril III drive a hefil. pumi) having an efficiency (quotient of work by heat imparted to 
siiuree) of 0.70. Whfit would be the rate of increase of heat contents of the source if 
(he rilieieuey of the heat engine w'ere 0.80? (M?is., 0.143 B. t. u. per min.) 

5. Ordinary non-condensing steam engines use steam at 325° F. and discharge it 
'll nicisnhere at 215° F. What is their maximum possible efficiency? 


in i]% 


6. Find the limiting efficiency of a gas engine in -which a maximum temperature 
of 3000° F. is attained, the gases being exhausted at 1000° F, (Ans., 0.578.) 

7. An engine con.sumes 225 B. t. u. per indicated horse-power (33,000 foot-pounds) 
per minute. If its temperature limits are 430° F. and 105° F., how closely does its 
efficiency approach the best possible efficiency? (Ans., 51.59 per cent.) 

8. How many B. t. u. per indicated horse power per hour would he required by a 
heat engine having an efficiency of 15 per cent? 

9. A power plant uses 2 lb. of coal (14,000 B.t. u. per lb.) per kilowatt-hour. 
(1 kw. = 1.34 h.p.) What is its efficiency from fuel to switchboard? 

10. A steam engine working between 350° F. and 100° F. uses 15 lb. of steam con- 
taining lOSOB.t. u. per lb., per indicated horse power per hour. What proportion 
of the heat supplied was utilized by the engine? How does this proportion compare 
with the highest that might have been attained? 

11. Determine as to the credibility of the following claims for an oil engine: 

Temperature limits, 3000° F. and 1000° F. 

Fuel contains 19,000 B. t. u. per lb. Engine consumes 0.35 lb. per kw.-hr. 

Loss between cylinder and switchboard, 20 per cent. 

12. If the engine in Problem 3 is double-acting, and makes 100 r.p.m., what is its 
horse power? 
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THE SECOHD LAW OF TUKKIMODYNAMICS 


144. Statement of Second Law. The expression 1 
the Carnot cycle, given in Art. 135, is a stateinejit ol 


'or (h'ruiii'iie.y of 

t.h(' second law 


of thermodynamics. The law is variously expressed ; lull, in gcuunal, 
it is an axiom from which is established the criterion oj reorrsibihli/ 
(Art. 139). 


With Clausius, the axiom was, 

(a) Heat cannot of itself pass from a colder to a, holler hodtj Avhilo the. 
equivalent axiom of Kelvin was, 

(h) “It is impossible, by means of innnimale material aijeiirii, to ilenre 
mechanical effect from any portion of matter by coolin/j it beloio the teinjirra- 
ture of the coldest of siirroiincUng objects:’ 


AVith Carnot, the axiom was tliat perpelunl mollon is impossihlr ; wliili' 11 an- 
kine’s statement of the second law (Art. 151) is an analytical nislalcinciit of tlic. 
efficiency of the Carnot cycle. 


145. Comparison of Laws. The law of I'etalion ol! f;’as(‘(His ]n‘o]icvtii‘s (.Vrl. 10) 
and the second law of ihermodynamics are justilied by their results, while I1 m\//V.W 

law of thermodynamics is an expression of experimental fac t. Tin' si ml law is a 

“definite and independent statement of an axiom re.sulting I'rom the. rhuiee nf mit' 
of the two propositions of a dilemma” (1). For (“xaniple, in Caninl.’s liumi, \m' 
must admit either the po.ssibility of perpetual motion or the erilcrion of ri'versi- 
bility; and we choose to admit the latter. The second law is not, a jumiiosilion io 
be proved, but an “axiom commanding nniversal assent when its terms are 
understood.” 


146. Preferred Statements. Tlie simplest and most salisfaetory slateiuenl. of 
the second law may be derived directly from insiiection of Ihe formula for olli- 
ciency, (T — Z) T (Art. 135). The most general sta.temeni., 

(c) The availability of heat for doimj work depends upon its leniperiitni'i ” lends 
at once to the axiomatic forms of Kelvin and Clausius; while Ihe most sjieeille of 
all the statements directly underlies the presentation of Raulcine : 

(cZ) If all of the heat he absorbed at ouc tiuujxu'al un\ and 
rejected at another lower temperature, the heat trainsformcd to 

84 



external work is to tlie total heat absorbed in the same ratio as that 
of the difference between the temperatures of absorption and rejec- 
tion to the absolute temperature of absorption or, 

JI T ’ 

in which II represents heat absorbed ; and /t, heat rejected. 

147 . Other Statements. Fonn.s (ft), (/;), (f), and (d) are those usually given 
the second law. In modified forms, it has been variously expressed as follows : 

(e) “ All rciversible engines -working between the same uniform tem- 
peratures have the same efficiency.” 

(/) “ The efficiency of a reversible engine is independent of the nature 
of the working substance.” 

((/) “It is impossible, by the unaided action of natural i^rocesses, 
to transform any part of the heat of a body into mechanical work, except 
by allowing the heat to pass from that body into another at lower 
temperature.” 

ill) “If the engine be such that, when it is worked backward, the 
physical and juechaiiical agencies in every part of its motions are reversed, 
it produces as much mechanical effect as can be produced by any thermo- 
dynamic engine, with the same source and condenser, from a given quan- 
tity of heat.” 

148 . Harmonization of Statements. It has been asserted that the state- 
ments of the second law by different wwiters involve ideas so diverse as, 
apparently, not to cover a common principle. A moment’s consideration 
of Art. 14-1 whll explain this. The second law, in the forms given in (a), 
{h), (c), (r/), is an- axiom, from v:hu:h ike criterion of reversibility is estab- 
lished. In (d), (c) (_/■), it is a simple stalemeiit of the efficiency of the Car- 
'not cycle, with whicli the axiom is associated ; while in (/t), it is the 
criterion of reversibility itself, (,'onfusiou may be avoided by treating 
the algebraic expression of (d), Art. l-K!, as a sufficient statement of 
the second laAv, from which all necessary applications may be derived. 

149 . Consequences of the Second Law. Some of tliese were touched upon in 
Art. ll.'b The first law teaclies that heat and work are mutually convertible, 

A 1., 1.. 7 7. 1,.. L.^,1 


:h iiiKsI, iiinlllcini) b juaclihie ; hut it must be remeiiibered that, of the total heat 
(,t) it;, a large x’l’oportiou is (by the second law) unavailable for use, and 
juu.s-/' /'u; v(‘jr{'U'(l when ibs temperature falls to that of suri’ounding bodies. We caii- 
nnb ('Xiieel, a water wheel located in the mountains to utilize all of the head of the 
Wilber .sii])[)ly, jneasur(!(l down to sea level. The available head is limited by the 
el(!val,ion of the. lowiust .suj’ronnding levels. The jierformance of a heat engine 
.should he judged liy its aiit'iroach to the efficiency of the Carnot cycle, rather than 
by h'S iih.sohil.e (!llici(mcy. 

Heat niusb l)(i ri'garded as a “ low unorganized •’ form of energy, which imo' 
duces usid'ul work only by undergoing a fall of temperature. All other forms of 
energy l erul to conii)letely transform themselves into heat. As the universe slowdy 
.^et.I.lcH to thermal equilibrium, the performance of work by heat becomes impossible 
and all energy becomes permanently degenerated to its most unavailable form.* 

150. Temperature Fall and Work Done. Consider the Ccurnot cycle, abed, 
I'-ig. -Ih, tlui total heat absorbed being »«Z>A^an(l the efficiency abcd-^nahN 

= {T—t)-^T. Draw the isotherinals 
ef,gli, ij, successively differing by equal 
temperature intervals ; and let the tem- 
peratures of these isotliermals be 
To, Tlj. Then the work done in cycle 
ahfe is yiahN y. {T ~ T-^-^ T\ that in 
cycle ahluj is uahiify{T— T^-=rT] that 
ill cycle ahji is nahN x{T — T^-^T. 
N As (T- T,) = 3(T- Ti) and (T-Tj) 
= 2{T— Tj), abji~S(abfe) and abhg 
= 2(cibfe) ; whence abfe = eflig — gliji. 
Pio. l."*. Arts. 1 .^ 0 , i.’m, I'tt, .Second other words, the external work 

I. aw of Tiicriuodyiiamu s. available from a definite temperature fall 

is the same at all parts of the thermometric scale. The waterfall analogy of 
Art. Mi) may again be instructively utilized. 

151. Rankine’s Statement of the Second Law. “If the total actual heat of a 
uniformly hot substance he conceived to be divided into any number of equal parts, 
the effects of those parts in causing work to be performed are equal. If we re- 
member that by “total actual heat” Riinkine means the heat corresponding to ab- 
solute t einpcu’ature. Ids terse statement becomes a form of that just derived, dependent 
Boh'ly upon the computed efficiency of the Carnot cycle. 

152 Absolute Temperature. It is convenient to review the steps by which 
tlu’ proposition of Art. 150 has been established. We have derived a conception 
of absolute temperature from the law of Charles, and have found that the effi- 

.. . ^ _ j- n nrirfniTi rolofinn +n rlpfinifo ciKcnIiTfo +OTYynd»i'Qf 
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by a reversible beat engine. Having this scale, wo should be in a position to com- 
pute the coefficient of expansion of a perfect gas. 


153. Kelvin’s Scale of Absolute Temperature. Kelvin, in 1848, was led 
by a perusal of Carnot’s memoir to iDropose such a scale. His first defini- 
tion, based on the caloric theory, resulted only in directing general atten- 
tion to Carnot’s great work ; his second ciefinitioii is now generally adopted. 
Its form is complex, but the conception involved is simply that of Art. loO; 


“ The absolute temperatures of two bodies are proportional to the quanti- 
ties of heat respectively taken in and given out in localities at one temperature 
and at the other, respectively, by a material system subjected to a complete 
cycle of perfectly reversible thermodynamic operations, and not allowed to part 
with or take in heat at any other temperature.” Briefly, 

“ The absolute values of two temperatures are to each other in the propor- 
tion of the quantities of heat taken in and rejected in a perfect thermodynamic 
engine, working with a source and condenser at the higher and the lower of 
the temperatures respectively.” Symbolically, 


T 

t 


E, 

h ’ 


or, in Big. 45, 


T _ ndbE 
t nclcE 


This relation may be obtained directly by a simple algebraic trans- 
formation of the equation for the second law, given in Art. 146, (d). 


154. Graphical Representation of Kelvin’s Scale. Beturning to Fig. 45, 
but ignoring the previous significance of the construction, let ab be an iso- 
thermal and an, bE adiabatics. Draw isothermals ef, gli, ij, such that tlie 
areas ahfe, efhg, gliji are equal. Then if we designate the temperatures 
along ab, ef, gh, ij by T, T^, T,, T.j, the temperature intervals T~ T,, 
— T 2 , T 2 — T;i are equal. If we take ab as 212° Ih, and cd a.s 32° F., 
then by dividing the intervening area into 180 equal parts, we shall have 
a true Fahrenheit absolute scale. Continuing the equal divisions down 
below cd, we should reach a point at which the last remaining area be- 
tween the indefinitely extended adiabatics was just equal to tlie one next 
preceding, provided that the temperature 32°F. could be expressed in an 
even number of absolute degrees. 


155. Carnot’s Function. Carnot did not find the definite formula for effi- 
ciency of his engine, given in Art. 135, although lie expressed it as a function of 
the temperature range (T-t). We may state the efficiency as 


: being a factor having the same value for all gases. J aKiiig rue genei.ii ( n] i . • 

sion for efficiency, (Art. 128), and making U = /'■ -1- <llh " u have, 

H 

- ^ 

h + <lh h -|- dll' 


For e = z(T — t), we may write e = zdl or 

dh 


dt 


dll 


4- dt, ( 3 niiivale,nt to - . 

T TT , t A- dt Ji + dll 1 dt dh , , hdt 

But ~ = Y — ; — “ ■“ )] — ', 11 , 


Then z =- and e =— — ^ in Unite terms, as aireadv i'ound. Tlu' I'aelor 
t I T 

is known as Carnot's fundinn. It is the ri'ripriical aj Ihn idisn/ntr ti iiijn nilnn'. 


156. Determination of the Absolute Zero, d’he lairous ]ilug ex]i(>rimeiils emi- 
ducted by Joule and Kelvin (Art. 74) consisted in fonuiig vaihuis gasis slowly 
through an orifice. The fact has already been, mimtiouiel tlnit wlimi Ibis aelimi 
was conducted without the jjerfonnancc of (vxternal work, a, Icirely noiii'eable 
change in temperature was observed; this being with some ga..ses a,u increase, ami 
with others a decrease. IVhen a rcsislhi;/ pnvsnrn iras apidird a l, the oiil h'l. of I be 
orifice, so as to cause the performance of some e.xti'riial work (liiiMiig I he How of 
gas, a fall of temperature was observed ; and this fall iras dijl'i'mil J'or dljl'i n at pns'S. 

The “porous plug” was a wad of silk fibers plae.ed in ilie oi'iliee I'oi- I he inirposi' 
of reconverting all energy of velocity back to heat. .Assnnie a slighi fall of lem- 
perature to occur in passing the plug, tlu! velocity energy being reeonverled lo 
heat at the decreased temperature, giving the. (‘(piivaliMit palhs m/, i/<\ h’ig. I.'i. 
Then expend a sufficient measured (piantit.y of work lo bring Ihe siibsl.-inee baek 
to its original condition «, along din. By the second law, 

= and'^’-- • 

nabN ncfN nabN - ahff nahN- -tdff 

or T-T^=T^ ( 1 

XnnluY - abf; j * mdiX ■ ■ ,dfr 

If (T~ rj as determined by the experiment u, and nahY lu> put e.inal (o unily, 



in which ahfe is the work expended in bringing Ihe gas back 1 
perature. This, in outline, wuis the Joule and Kdvin nnihod 
location for the true absolute zero; the complele theoiw is loo 


o ils original lem- 
for esiabli.'.hing' ;i 
exleiisivr for Ol•|‘s- 


the latter less than C. Wood has computed (3) that the true absolute 
zero must necessarily be slightly lower than that of the air thermometer. 
According to Alexander, (4) the difference of the two scales is constant for 
all temperatures. The Kelvin absolute scale establishes a logical defini- 
tion of temperature as a physical unit. Actual gas thermometer tempera- 
tures may be reduced to the Kelvin scale as a final standard. 

In the further discussion, the temperature —459.6° F. will he regarded 
as the absolute zero. (5) 

(1) Peabody, Thermodynamics, 1907, 27. (2) Phil. Trans., CXVIV, 349. (3), 

Thermodynamics, 1905, 116. (4) Treatise on Thermodynamics, 1892, 91. (5) See 

the papers. On the Establishment of the Thermodynamic Scale of Temperature by 
Means of the Constant Pressure Ther7nomctcr, by Buckingham; and On the Standard 
Scale of Temperature in the Interval 0° to 100° C., by Waidner and Dickinson; 
Bulletin of the Bureau of Standards, 3, 2; 3, 4. Also the paper by Buckingham, 
On the Definition of the Ideal Gas, op. cit., 6, 3. 


SYNOPSIS OF CHAPTEK VII 

Statements of the second law : an axiom establishing the criterion of reversibility ; 
H — h —— ^ statement of the pficiency of the Carnot cycle ; the cri- 

II T II T terion of reversibility itself. 

The second law limits the possible efficiency of a heat engine. 

The fall of temperature determines the amount of external work done. 

Temperatiu’c ratios defined as equal to ratios of heats absorbed and emitted. 

The Carnot function for cyclic eflicienoy i.s the reciprocal of the absolute temperature. 
The absolute zero, based on the second law, is at — 459.6° F. 


PROBLEMS 

1 . Illustrate gi-aphically the first and the second laws of thermodynamics. Frame 
a new statement of the latter. 

2 . An engine works in a Carnot cycle between 400° F. and 280° F., developing 
120 h.p. If the lieat rejected by tliis engine is received at the temperature of rejection 
by a second Caniot engine, which works down to 220° F., find the house power of the 
second engine. (Ans., 60). 

3 . Find the coefficient of expansion at constant pressure of a perfect gas. What 
is the percentage difference between this coefficient and that for air ? 

{Ans., 0.0020342 ; percentage difference, 0.03931.) 

4. A Carnot engine receives from tlie source 1000 B. t. u., and discharges to the 


meltln.. ice and the fall of tcmperalm-e hoios ,1, of the raose n»» 

“ftSe at'etmoepheric p— . the wo* cape,,,..., I ,o vcetovo;, ho I ; ; - 

ture^sl.SSfoot-pomuls. Find the absolute temiK^raturc al, .]J b. (el«.s., l.U ■ d 

7 The temperature rauge in a Carnot cycle being 4()l)Mh, un'l svork done 

being equivalent to 40 per cent of the amount of heat .vjeeted, hud the, values ol 

and t. 


REVIEW PROBLEMS, ClIAP'rERS LA'II 


1. State the precise meaning, or the application, u! the lollowiiig expiessions 
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1 =4 H 
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pF = c 

42.42 pv^=c 

!)i! = r. .s 




2. A heat engine receives its fluid at 350° F. and diseiiarges il, a,i. 1 10" E. It ■ 

sumes 200 B. t. u.'per Ihp. per minute. Find its ellicieney as eumpa,red with (ha.t of 
the corresponding Carnot cycle. (Ans., 0.712.) 

3. Given a cycle ahc, in which Pq = Pj = 100 lb. per sq. in., I'p-^ 1, i.^' b (eu, 11.), 

' tt 

PjF6b8=Pj,Fc,i-S,P(j7'a=P;Fc, find the prc,s, sure, volume, and teniperaluni at c if Iho 
substance is 1 lb. of air. 

4. Find the pressure of 100 lb. of air contained in a. 100 e.u.-ft. tividc a(, •'^2” F. 

(yln.s., 2, s, !)()() 11). per .sip I'l.) 

5. A heat engine receives 1175.2 B.t. u. in each pound of sloam ami rejoel.s 
1048.4 B. t. u. It uses 3110 lb. of steam per hour and develops 112 hj). Esl.imalo (l\o 
value of the mechanical equivalent of heat, (gl)i.s’., 712.00.) 

6. One pound of air at 32F° . is compre.s.sed from 14.7 to 2001) lb. iier .sqiiaro iiieli 
■without change of temperature. Find the percentage chauge of volume. 

{An^., 00.3 Vt).) 

7. Prove that the efficiency of the Caniot cycle is - 

8. Air is heated at con.stant pre.ssure from 32° F. to 500" F. Find Ihe pereoiilago 
chauge in its volume. (Ans., 95.2 % increase.) 

9. Prove that the change of internal energy hi passing from o, lo h is indiqa'iidenl, 
of the path ah. 


10. Given the formula for change of iutornal energy, 


i 


prove that. 


14. A Ht,(iiun (iiijiiiiic. ilis(*hiir';in,ic its (ixluuist, at. 212° P. receives steam containing 

1100 H. t. u. ])er at .')0n° P. Wliat is tin; minimum weight of steam it may \;so 

per lhi).-hr. i’ (.dii.s , 7.71 ill.) 

15. A (jyc.le i.s houniled hy ])olytro])ic imths 12, 23, 13. We have given 

I\ = = 1 00,000 Ih. per .S(i. ft. 

K>= T'^ = 40 c.uhic feet per pound. 

7’, =3000° F. 

I'hnd the amount, of lieat eonvertod to work in the cycle, if the working substance is 
air. (yl7i.s., 417.") B. t. u.) 


entropy 


157. Adiabatic Cycles. Let dnk, Eig. 40, ho a Carnot oyo.Io, on :nnl l>\ 

the projected adiabatics. intervening adiahaties nii, rlv., so 

located that the areas n«m, me./d/, are eqna,l. Then siin'o 

ciency of each of the cycles oryi;, eijJif, (jhdh, is (T - 1) -f- 7', l/ir in>r/: tirms 
repirsetded hn these cycles are all eqml To nuaisurc! lh('S(' areas by ine<4iaiii- 
cal means would lead to approximate results only. 

158. Rectangular Diagram. If tlio adiabatics and isolheniials 
were straight lines, simple aritlimetic Avould snllie.i! lor tin; inoasiiiMv 
ment of the work areas of Fig. 4(). We |P 
have seen tliat in the Carnot cycle, 
bounded by isothermals and adiabatics, 

~ = - (Art. 153). Applying this for- 
T t 

mula to Rankine’s theorem (Art. 10(1), 
we have the- quotient of an area, and a 
length as a constant. If the area h is 
a part of H, then there must be some 
constant property, which, when mnlli- Kki. in. Ans. i.w. i;.s, i.v.i, m". 
plied by the temperatures T or t, will Aiicihiuif ( >cics.* 

give the areas Z/'oi’ h. Lc(, us conrrivo 
of a diagram in which only one coiir- 
dinatc will at ])r(!Sont bii nanuMl. 'I'liat 
coordinate is to lai ahsohifi' (oiigerifla re. 
Instead of specifying ihc. olhci’ cobrdi- 
nate, let it be assumed (lia(. subtended 
arc((.s on this diagraan are. to denote 
qaaoititirs of heat absorbed or emitted, 
just as sucb areas on llie PI' diagram 
represent external work done. ,\s an 

Fig. 47. Arts. 158, ms, ni.-En- diagram, eonsid.-r 

tropy Diagram. Fig. 47. lu;t the Sld)Stane(' be oiK' 




n*])n‘H('.nli'u l)y tlui huiglit tliti horizontiu location of the 
stale h being taken ;it random. Now assume the water to be heated 
In iIIlJ" k\, nr (171. b” :drs()lnt(i, the s])e(dlie lieat being ttiken as eon- 
si, aid, and eijiial (o unity. 'Fhe heat gained is ISO B. t. u. The 
linal tempera.lnre. of the waim' tixc's tlie vertical location of the 
new slate [mini, /.c. tlie lenglli of the line <u'L Its hori/.ontal lo- 
cal ion is iixed by l,he e.onsideralion tha,t tha arm siihtmdcd hcfioeen 
l!ii' path hd ami ihr a.n'.H ■adiiidi vrr hare 'marked ON shall he 
ISO /{.f, n, d'lu'. horizontal dista,iu‘e, a<; may be eoin[)utcd from the 
projx'rl ies id’ llie t,ra,j)ezoid /dale to be e(|na,l to the area ahda divided 
by \(jd> -f. ed) 2] or to ISO -- [( 401.1) + (171.11) - = O.Sl. The 

])oint d, is llms loe.a,ted (Art. 111-)). 


159. Application to a Carnot Cycle. Ordinates being absolute 
tempmnt.nn's, and areas subtended being quaidities of heat alrsorbed 
or ('initt.ed, we may e.onelude that, an ‘isnfhermal 'must he a sfraiijht 
Jii)rlz()uf(d line : its temperature is constant, and a iinite amount of 
Iiea,t is transferred. If the [latli is from left to right, lieat is to be 

conceived as ahsarhed; if from right to 
left, heat is rejected. Along a (re- 
versible) adialiatic, no movement of heat 
occurs. The only line on this diagram 
Avhich does not subtend a finite area is 
a straight vertical line. Adiahaticni are 
coisequeidl// vertical straight lines. (But 
sen Art. 17(1.) The temperature must 
constantly change along an adiabatic. 
The lengths of all isothermals drawn be- 
tween the same two adiabatics are equal. 
The Carnot cycle on this new diagram 
may then be i-eprcsented as a rectangle enclosed by vertical and hori- 
zon!, a, 1 lines; and in Fig. 48 we have a new illustration of the cycles 
shown in Fig. 4(1, all of the lines correspionding. 



'’Id. l.S. ArlH. 1.")!), :l()0, Kil, KiS, 
KK!. A(liiil)Ul,ic. < 'yell's, Entnipy 
I )i:im-iiiii. 



pencil is describing any stated path on the latter, a, eoria-sponding 
pencil is tracing its path on the former. In the P/"' diagram, llie 
subtended areas constantly represent external 'work done by or on I be 
substance; in the new diagram they represent (jaaii/lUrs of heat. a,b- 
sorbed or rejected. (Note, however, Art. 17(). ) 'rim aira ol llm 
closed cycle in the first case represents tlie net (/Hantilii of work <loiie; 
in the second, it represents the net amount of heat lort, and conse- 
quently, also, the net work done. But mhtended arean under a runjle 
path on the Prdiagram do not represent heat quantities, nor in (be 
new diagram do they represent ivorh quantities. The validity of the 
diagram is conditioned upon the absoluteness of the properties chosen as 
coordinates. AVe have seen that temperature is a cardinal piopcii_\, 
irrespective of the previous history of the substance,*, and it will be, 
shown that this is true also of the horriontal eoiirdinale, so that we 
may legitimately employ a diagram in which these two propcj-tics 
are the coordinates. 


161. Polytropic Paths. For any path in ■which the sjmeiliii Imat 
is zero, the transfer of heat is zero, and tlie pa,th on tins diagram is 
consequently vertical, an adiabatic. For speeifie lieat C(|ual (o 


infinity, the temperature 
cannot change, and the 
path is horizontal, an iso- 
thermal. For any positive 
value of the specific heat, 
heat area and temperature 
will be gained or lost 
simultaneously ; the path 
will be similar to ai or aj\ 
Fig. 48. If tlie specific 
heat is 'negative^ the tem- 
perature will increase with 
rejection of heat, or de- 






162. Justification of the Diagram. Tu tlu; PV diagram of Fig. 50, consider 
the cycle AIU'D. L(it tlu^ li(*at al)sorbed along a portion of this cycle be repre- 



Fi(!. 50. Ar(. Fiilropy a (JanUtial 

I’ropcrty. 


sented by the itilinitesinial strips nnhJSF, 
NhcM, ]\Ic(lm, formed by the indefinitely 
projected adiabatics. In any one of these 
strix's, as imhN, we have, in finite terms, 

vahN_7' n(il)N _ne(]N 
negN / ’ f t 

Considering tlio whole series of strips 
from .'1 to (. ', we have 

uahN _ negN 
^ ~T~ ~ ^ 


or, using the symbol 11 for heat trans- 
ferred, 


y dll 
Zg ‘ rf 


0 , 


in which 7’ (‘.\])n,‘sses temperatun*. generally. 

Ijc.t the substance conii)let(! the cycle AB('DA ; we then have, the paths leing 
rerersililc, 




The. integral thus has the same value whether the path is ADC or ABC, 

^ J T 

or, indeed, any reversible path between A and C; its value is independent of the 
path of the suhshince. Now this integral will be shown immediately to be the most 



perature, as au, rig. -iS, the horizontal distance nJV maybe computed 
from the expression, n]^=JI^ T, in which IT represents the quan- 
tity of iieat absorbed, and T the temperature of the isothermal. If 
the temperature varies, the horizontal component of the path during 
the absorption of dR units of heat is dti — dR-^ T, For any path 
along which the specific heat is co7Xstcint^ and equals /c, hdT = dR, 

7 hlT , R'dT T 

dn = ~^, and n = JcJ^ _=/i;log^_. 

It the speciiic heat is variable, sa^^ Jc — a + hT, then 

J -r 7 rp m 


Tlie line hd of Fig. 47 is then a logarithmic curve, not a straight 
lino; and the method of finding it adopted in Art. 158 is strictly 
accurate only for an infinitesimal change of temperature. Writing 
tlic exiiression just derived in the form n — Ic t) aiid remem- 

bering that T— P V -f- P, while it = v -i- ill, we have 


?i = k log,, (P R-i- yir) . 


The expression /clog,. (P-i- 1) is the one most 
commonly used for calculatlny values of the hori- 
zontal coordinate fur polytropic p)aths. The 
expression dn — dR^ T is general for all re- 
versible paths and is regarded by Ranhine as 
the fundamental equation of thermodynamics. 

164. Computation of Specific Heat. If at any 
point on a reversible path a tangent be drawn, the 
length of the subtangeut on tlio iV-axis I’epu'esents the 



Fig. 51. Art. 164. — Graphi- 
cal Determination of 
Speciiic Heat. 


valiu! of the spiecific heat at 

tliat point. In Fig- 51) draw the tangent nm to the 
curve AB at tlie pioint ra and construct the infinitesimal 
triangle (J!dn. Fi’oiii similar triangles, mr :nr:-. dn : dt, 
or inr = Tdn -4- dt = dll -i- dt = s (Art. 112). 


165. Comparison of Specific Heats. If a gas is 
heated at constant pressure from a, Fig. 52, it will 


nearly vertical will be the path. (ComiDare Fig. 49.) When k — 0, the 
path is vertical ; when k = co, the path is horizontal. 

166. Properties of the Carnot Cycle. In Fig. 48, it is easy to see that 
since efficiency is equal to net expenditure of heat divided by gross ex- 
penditure, the ratio of the areas abdc and ahNn expresses the efficiency, 
and that this ratio is equal to {T—t) -h T. The cycle ahdc is obviously 
the most efficient of all that can be inscribed between the limiting iso- 
thermals and adiabatics. 

167. Other Deductions. The net enclosed area on the TN diagram 
represents the net movement of heat. That this area is always equivalent 
to the corresponding enclosed area on the PV diagram is a statement of 
the joirst law of thermodynamics. Two statemeids of the second law have 
just been derived (Art. 166). The theorem of Art. 106, relating to the 
representation of heat absorbed by the area between the adiabatics, is 
accepted upon inspection of the diagram. That of Art. 150, from which 
the Kelvin absolute scale of temperature was deduced, is equally obvious. 

168. Entropy. The horizontal or N coordinate on the diagram 
now presented was called by Clausius the entropy of the body. It 

J dR 

Any physical 

definition or conception should be framed by each reader for himself. 
Wood calls entropy “that property of the substance which remains 
constant throughout the changes represented by a [reversible] adia- 
batic line.” It is for this reason that reversible adiabatics are called 
isentropics, and that we have used the letters n, N in denoting 
adiabatics. 

169. General Formulas. It must be thoroughly 
understood that the validity of the entropy diagram is 
dependent upon the fact that entropy is a cardinal prop- 
erty, like pressure, volume, and temperature. For this 
reason it is desirable to become familial’ with compu- 
tations of change of entropy irrespective of the path 
pursued. Otherwise, the method of Art. 1G3 is usually 
Fir. .w. Arfs. IRQ — more convenient. 
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T T 

to h. The entropy increases by h logo ~ + l log^ — (Art. 163), h and I 

in this instance denoting the respective special values of the specific 
heats. An equivalent expression arises from Charles’ law : 

n = k log, -f- I log, * log, ^ + I log, (A) 


in which last the final and initial states only are included. 
We may also write, 

Ij 

rp j[*,V, lofif TT” 

n=l Iog,-^+ Arts. 94, 95, 163, 

^ a .//6 

= Z log, — ' + {k — 1) log, Arts. 51, 65 : 


and further, 

n=h log, 4- {k ~ 1) log, 


V. 


(B) 


= ^ log, '^-{■(k- 1) log, (0) 

The entropy is completely determined by the adiabatic through the state point. 
T 

In the expression = log, y, the value of vq apparently depends upon that of 
which is of course related to the path; along another path, the gain or loss of 
entropy might be = ko log, yj a diiferent value; but although the temperatures 

would be the same at the beginning and end of both processes, the pressures or 
volumes w^ould differ. The stales would consequently be diiferent, and the values 
of n should therefore differ also. 

A graphical method for the transfer of perfect gas paths from the PV to the 
TN plane has been developed by Berry (1). • 


169«. Mixtures of Liquids. When m lb. of water are heated from 
32° to t° absolute, the specific heat being taken at unity, the gain of 
entropy is 


t 



and the change in aggregate entropy dne to the mixture is 


mlogc + log< 


A- 

492 


(m+?i) lo£ 


/ nix + mt '\ 
\ 492 (?/^+?^) / 


The mixing of substances at different temperatures always in- 
creases the aggregate entropy. Thus, let a body of entropy n, at 
the temperature t, discharge a small amount, H, of its heat to an adjacent 
body of entropy N and temperature T. The aggregate entropy before 
the transfer is + after the transfer it is 


+ ( 


H H 

' and since t>T, -r< tw and the loss of entropy is less than the gain: 

V jL 


or 


H\ 


+ (A'+|) [Xn + N). 


170. Other Names for n. Rankinc called n the thermodynamic func- 
tion. It has been called the “ heat factor.’' Zeuner describes it as 
“ heat weight.” It has also been called the “ mass ” of heat. The 
letters T, N, which we have used in marking the coordinates, were 
formerly replaced by the Greek letters theta and -phi, indicating abso- 
lute temperatures and entropies; whence the name, theta-phi diagram. 
The TN diagram is now commonly called the temperature-entropy 
diagram, or, more briefly, the entropy diagram, 

171. Entropy Units. Thus far, entropy has been considered as a 
horizontal distance on the diagram, without reference to an}'- particular 
zero point. Its units are B. t. u. per degree of absolute temperature. 
Strictly speaking, entropy is merely a ratio, and has no dimensional 
units. Changes of entropy are alone of physical significance. The 
choice of a zero point may be made at random ; there is no logical zero of 
entropy. A convenient starting point is to take the adiabatic of the 
substance through the state P =2116.8, T =32° F., as the OT axis, the 
entronv of this adiabatic beina: assumed to be zero, as in ordinarv tables. 



Thus, in Fig. 47 (Art. 158), the OT axis should be shifted to pass through 
the point h, which was located at random horizontally. 

172. Hydraulic Analogy. The analogy of Art. 140 may bo oxtomhA b) illus- 
trate the conception of entropy. Suppose a certain weight of water 11' to .e 
maintained at a height if above sea level; and that in passing Ihrongh a motor 
its level is reduced to lu The initial potential energy ol the water may lie 
regarded as WH-, the final residual energy as Wh] the energy ex])emled a.s 
WCH — li)- Let this operation be compared with that of a Carnot e^ ele, (..iKing 
in heat at T and discharging it at i. Regarding lieat as the ].roduet of A and 7’. 
then the heat energies corresponding to the water ene.rgies just deserilied are A/, 
Nt, and N{T - t) ; A being analagous to W, the toeUjhl of the water. 

173. Adiabatic Equation. Consider the states 1 and 2, on an a.dial)al.i(i 
path. Fig. 55. The change of entropy along the constant vohnmi pnl.li 1.'! 

is I log, — ; that along the constant iircssuro jiul.h .‘12 



is li log. 




The dill’ercnco of entropy between 


1 and 2, irrespective of the iiaih, is 


1 logo log, = I log,, ‘ ; -h 7.; log,, 

i 1 J ;) .1 X I 1 

For a reversible adiabatic process, this is cupial 


Fig. 55. Art. 173. — 

Adiabatic Equation. zero ; whence 

I log, §= - 7c log, or y log, F. + h.)g, P. = y log,, F, + log,, /\, 

Pi 

from which we readily derive 2\Vi = FuF^, the (‘(juKiinii of flic lulin/ntlir. 


174. Use of the Entropy Diagram. The intelligent use of tlu' entrojiy 
diagram is of fundamental importance in simplifying tliermodyiKimie (in- 
ceptions. The mathematical processes formerly adhered to in piM'senting 
the subject have been largely abandoned in recent te.xl.-liooks, largely on 
account of the simplicity of illustration made possible liy employing tlu'. 
TA coordinates. 

Belpaire was probably the finst to appreciate their iisefuhu's.s. dilili,'^, al, ulxiut 
the same date, ISi-S, presented the nu'tliod in tins country and firsi, (Mipilovi'd as 
coordinates the three properties volume, entropy, and iidnrnal oiiorgy. Limlo, 

Rn.brnpt.PT' TTpi’mnnn '7.DiinQi> fmO ,.^,1 T'Xr . 1 : • ,, ... 


lEBEVEKSIBLE PROCESSES 


175 . Modification of the Entropy Conception. It is of importance to distinguish 
between reversible and iiTeversible proces.ses in relation to entropy changes. 
The significance of tlie term reversible, as ap- 
plied to a path, was discussed in Art. 125. A 
process is reversible only when it consists of a 
series of successive states of thermal equilib- 
rium. A series of paths constitute a reversible 
process only when they form a closed cycle, 
each path of which is itself reversible. The 
Carnot cycle is a perfect example of a reversible 
process. As an exanijfie of an irreversible ci/cle, 
let the substance, after isotliermal expansion, 
as in the Carnot cycle, be transferred directly 
to the. condenser. Heat will be abstracted, and Irreversible 

the pressure may be reduced at constant vol- Cycle, 

nine, as along be, Pig. 50. Then allow it to compress isotherinally, as in the 
Cai'not cycle, and finally to be transferred to the source, where the temperature 
and pressure increase at constant volume, as along da. This cycle cannot be 
operated in the reverse order, for the pressure and temperature cannot be reduced 
from a to d while tlie substance is in communication with the source, nor increased 
from c to h while it is in communication with the condenser. 



176 . Irreversibility in the Porous Plug Experiment. We have seen that in this 
instance of unresisted expansion, tlie fundamental formula of Art. 12 becomes 
// = 7’ -p / -H W -f F (Art. 127). Knowing II = 0, W = 0, we may write 
(7'-|- I) =: — V, or velociii/ is attained at the expense of the internal energy. The 
velocity evidences kinetic energy ; nieclianical work is made 2:)ossible ; and we might 
expect an exhibition of.sucli work and a fall of internal energy, and consequently 
of temperature. But -we find no sucli utilization of the kinetic energy of the rapidly 
flowing jet; on the contrary, the gas is gradually brought to rest and the velocity 
derived from an expenditure of internal energy is reconverted to internal energy. 
The process wnas adiabatic, for no transfer of lieat occurred ; it Avas at the same 
time isothermal, for no change of temperature occurred ; and while both adiabatic 
and isothermal, no external work was done, so that the PV diagram is invalid. 

Further : tlie adiabatic path here considered was not isentropic, like an ordinary 
adiabatic. The area under the path on the T'iVdiagram no longer represents heat 


absorbed from surrounding bodies. 


Keitber does 



, for H is zero, while 


n is finite. The expression for increase of enti-opy, J ^ , along a reversible path, does 
not hold for irreversible operations. 


rdll 


and heat-emitting bodies mnst differ to an infinitesimal extent only; they are in 
finite terras equal. The heat lost by tlie one body is equal to the heat gained by 

the other, so that the expression denotes both the loss of entropy by the one 

substance and tlie gain by the otlier; the total stock of entropy remaining constant. 

{]>') Durinc! irrecert^ihle npcrutions, the. ar/grcgnte enlropg increases. Consider two 
engines working in the Carnot cycle, the first taking the quantity of heat from 
the source, and dischai'ging the quantity II 2 to the condenser; the second, acting 
as a heat pump (.\rt. l-‘5b), taking the quantity 11 J from the condenser and restoring 
7/]' to the source. Then if the Avork produced by the engine is expended in di'iving 
the pump, Avithout loss by friction, 

77j - II., = 77/ - III. 


If the engine is irrerersible, 77, > 77/, or 11^ - 77/ > 0, Avhence, II., - 77/ >0. If 

we denote by n a positiAra finite Auilue, 77, = 77,' + a and II., ’= 77/ -fa. But 

If,' T, III 77/ ,, , ,, 

■jjy = “ , or ~ — rjf- = 0) consequently 


77, - « _ 7 7,, - n _ 


T, 


77, 77„ _ 7 1 lb 

0, and t.)' 


Since T, > T,, < 0, or ^ , or, generally, < 0. The value of 


J 


- 1 - a - 1 

is thus, for irreversible cyclic operations, negative. 

Koaa' let a substance Avork irrei-ersiblg fi-ora A to B, thence reversibly from 73 to 
.‘1. We may Avrite. 

(A) 


Ja T^Jj, f J., T X, ' 

(irrev.) (ruv.) (irrev.) (rev.) 


j '*^dll 

-,T> 

A a 

(III being the amount of heat absorbed along any reversible path, Avhile the change 
of entropv of the source ivliicli .supjilics the substance with heat (reA'^ersibly) is 

_ jV ^ the negative sign denoting that heat has been abstracted. 
Ja 

We haA^e then, from equation (A), 


- (AV - iV/) - (Hji - Ahi) < 0 ; or, (lYjj + Nb') - {Na + AV) > 0 : 

i.e. the sum of the entropies of the participating substances increases when the 
process is irreversible. 

(c) The loss of work due to irrenosIbiUt y is proportional to the increase of entropy. 
Consider a partially conqileted cycle: one which might be made complete were all 
,1 I + 1 .,. 1 ,.^ n T 


by N' — N during the process. The total increase of entropy is then n = N' — N+ p, 

■whence Q T{n — N' + N). 'I'he work done may be written as H — IT + (2. in 
which II and IT are the initial and final heat contents respecth'ely. Calling this 
JV, we have 

W = 11- IT + T{n - N' + N). 

In a reversible cycle = 7z = 0; whence JVji = II - IT + T{N - N') and 

Wn - W = Tn. ' ^ 

(A careful distinction should be made at this point between the expression 

and the term enlrnpij. The former is merely an expression for the latter 

under specific conditions. Tn the. typical irreversible proce.ss furni.shed by the 
porous fling experiment, the entropy increased; and this is the case generally with 

such processes, in which cM > • Internal transfers of heat may augment the 

entropy even of a heat-insulated body, if it be not in uniform thermal condition. 
Perhaps the most general statement possible for the second law of thermody- 
namics is that all actual pi'occsses tend to incrcaxe the ciitro/)i/ ; as we have seen, this 
keeps possible efficiencies below those of the fierfect reversible engine. The prod- 
uct of the increase of entropy by the temperature is a measure of the waste of 
energy (3).) 

Most operations in power machinery may witTiout serious error he analyzed 
as if reversible; unrestricted expansioms must always be excepted. The entropy 
diagram to this extent ceases to have “an antomatic meaning.” 

(1) The I'empernture-Entropy Diagram, 1008. (2) Sec Berry, op. c.it. (3) The 

works of Preston, Swinburne, and Planck may be consulted by those interested in this 
aspect of the subject. See also the paper by M’Cadie, in the Journal of Electricity, 
Power and Gas, June 10, 1911, p. 505. 


SYNOPSIS OF CHAPTER VIII 


It is impracticable to measure PFheat areas between the adiabatics. 

The rectangular diagram ; ordinates = temperature ; areas = heat transfers. 
Application to a Carnot cycle : a rertanyle. 

The mlidity of the diagram is conditioned upon the absolutene.ss of the horizontal 
coordinate. 

The slope of a patli of constant specific heat depends upon i\\Q vahie of the specific heat. 


The expression ^ ^ definite value for any reversible change of condition, 

regardless of tlic patli pursued to effect the change. 


dn = or n 


Ic loge — for constant specific heat = k, or n = a loge h(T— t) for 


Sntropy units are B.t.u.perdwee absolute. The .a.alnU,u-, ,nr ..mo enun,, 

T=S3° F., P — 2116.8. 


n = k logc ^ 


P 


^ = noi 




V 


T„ 




.. * + (/c- = ‘r’ + '■ /■/ 

The nn i-viTi g of substances at different temperatures increases the aijgregate entropy. 
Hydraulic analogy ; physical .significance of entropy ; use of the diagram. 

Derivation of the adiabatic eiiuation. 


Irrcversihle Prorrsses 

A reversible cycle is composed of reversible patlis; example of an irreversihli? eyi-le. 

Joule’s experiment as an example of irreversible operation. 

Heat generated by mechanical friction of particles ; the path both isothermal and adia- 
batic, but not isentropic. 

Jf=T + J+Tf+ror r = -(I+T)- 

For irreversible processes, du is nt>t equal to the subtended area, does mb. repre- 
sent a transfer of heat ; non-isentropic adiabatics. 

In reversible operations, the aggregate entropy of the ])artieii)a,ling snlislanees is 
unchanged. 

During irreversible operations, the aggregate entropy ine, reuses, and j ' 

The loss of work due to increase of entropy is nT; du > 

T 


PROBLEMS 

1 . Plot to scale the TiYpath of one pound of air heated, (rr) ai. eoiistant ]iri'ssuro 
from 100° F. to 200° F., then (h) at constant volume to hOi)'’ 1'’. The logarilhmie 
curves may be treated as two straight lines. 

2 . Construct the entropy diagram for a Carnot cycle for one pound of aii‘ in wliieh 
?’=:400°F., i = 100°F., and the volume in the first stage inerea.ses from I lo I eubie 
feet. Lo not use the formulas in Art. lOi). 

3 . Plot on the TY diagram paths along which the speeilie heals are respectively 
0, CO, 3.4, 0.2-3, 0.17, —0.3, —10.4, between r = -t5i).n and 7’— Pl!i.2, Irealing the 
logarithmic curves as straight lines. 

4 . The variable specific heat being 0.20 - 0.0001 7’- 0.()()0002 T'- (7’ being in 
Fahrenheit degrees), plot the TX p.ath from 100" F. to l lo" V. in four ste]is, using 
mean values for the specific heat in each step. 

Find by integration the change of entropy during the wliole. opiuaUion. 

5. What is the .specific heat at T = 40 (absolute) for a. path the equation of 
w'hich on the TN diagram is TN=c = 1200 ? [Ans., —32.) 

6. Confirm Art. 134 by computation from the, V'.V .li;on-:on 


9. rind the arbitrary entropy of a pound of air in the cylinder of a compressor 
at 2000 lb. pressure per square inch and 142° E. {Ans., 0.301.) 

10. rind the entropy of a sphere of hydrogen 10 miles in diameter at atmospheric 

pressure and 175° r. 289,900,000,000.) 

11. The specific heat being 0.24 -f- 0.0002 T, find the increase in entropy between 
459.6 and 919.2 degrees, all absolute. What is the mean specific heat over this 
range ? (yl^is., increase of entropy 0.25809 ; mean specific heat, 0.378.) 

12. In a Carnot cycle between 500° and 100°, 200,000 ft. lb. of work are done, 
rind the amount of heat supplied and the variation in entropy during the cycle. 

13. A Carnot engine works between 500° and 200° and between the entropies 
1.2 and 1.45. rind the ft. lb. of work done per cycle. 

14. To evaporate a pound of water at 212° r. and atmospheric pressure, 970.4 B. t. u. 
are required. If the specific volume of the water is 0. 016 and that of the steam 
26. 8, find the changes in internal energy and entroi)y during vaporization. 

15. rive pounds of air in a steel tank are cooled from 300° r. to 150° r. rind 
the amount of heat emitted and the change in entropy. {I for air =0.1689.) 

16. Compare the internal energy and the entropy per pound of air when (a) 50 
cu. ft. at 90° r. are mrder a pressure of 100 lb. per sq. in., and (6) 5 cu. ft. at 100° 
r. are subjected to a pressure of 1200 lb. per sq. in. 

17 . Air expands from y)=100, tj = 4 to P = 40, 7"= 8 (lb. per sq. in. and cu. ft. per 
lb.), rind the change in entropy, (a) by Eq. (A) Art. 169, (&) by the equation 

1 1 7 n~y 

ni-ni=s log<,^, -where s = 

18 A mixture is made of 2 lb. of water at 100°, 4 lb. at 160°, and G lb. at 
90° (all rahr.). rind the aggregate entropies before and after mixture. 



CHAPTER IX 

COMPRESSED AIR (D 


177, Compressed Air Engines. Engines are soiueliines u.sed in wlin-.h llui 
working substance is cold air at high pres, sure. The [.ressure is prevnuisly pro- 
duced by a separate device ; the air i.s then transmitted to IJ"* tTn lat er 

being occasionally in the form of an ordinary steam migine. I Ins tyi-e ol nml,.,- 
is often used in mines, on locomotive.s, or elsewhere where excessive losses by eon- 
densation would follow the use of steam. Fur smaU ]H.wers, a, simple loriu ol 
rotary engine is sometime, s employed, on account of its eoiiveiiieime, and iii spile 
of its low efficiency. The absence of beat, leakage, danger, noi.se, and odor makes 
the.se motors popular in tho.se cities where the pul.lie dislribiitioi. .d' eompressed 
air from central stations is practiced (la). The exhausted air aids in veiil il.il ing 
the rooms in which it is used. 


178. Other Uses of Compressed Air. Aside from the driving of engines, Iiigli- 
pressnre air is used for a variety of purposes in miiies, iiiiiirrie.s, and muniirae^ 
turing plants, for operating hoi.sts, forging and bending maebines, imnelies, ele., 
for cleaning buildings, for operating “steam ” hammers, and I'm- pumping water 
by the ingenious “air lift” .system. In many w'orks, the aiiioiiiil. id' power Iraiis- 
mitted by this medium exceeds that conveyed by bell, and shall, or eloetrie wire. 
The air is usually compressed by steam power, and it is obvious lhal. a loss imist 
occur in the transformation. This loss may be olTset by the eonvenieiiee and ease 
of transmitting air as compared with .steam; the economieal geiii'ral ion, dislrilm- 
tion, and utilization of this form of power have become, matters of lirsi, impoiianee. 

The first applications were made during tlie building of llie .MonI Ci'iiis lim- 
nel through the Alp.s, about 18(30 (2). Air Ava.s there employed for operating 
locomotives and rock drills, following Colladon’s nr.ithema,l ieal I'oininit at ion of 
the small loss of pressure during comparatively long Iraiismissioiis. ,V general 
introduction in mining operations follow’ed. 'rwn-stage eoiiipri'ssors with inter- 
coolers were in use in this country as early as 1,S,Sl. Among the pi'ojoots sul>~ 
mitted to the international commission for the iililizaiion of llu^ jiower of Niagara, 
there Avere three in which distribution by compressed air ayus coni ein] dal <'d. i de- 

spread industrial applications of this medium luiA'e aecompanied l lu' perfeet in;;' of 
the small modern interchangeable “pneumatic tools.” 


179. Air Machines in General. In the type of maehinerv iimh ■r eoii.siderai h ui. 
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relations are unimportant. Rotary blowers are used for moderate pressures, — up 
to 20 lb., — but they are generally wasteful of power and are principally employed 
to furnish blast for foundry cupolas, forges, etc. The machine used for com- 
pressing air for power i)urposes is ordinarily a piston compressor, mechanically 
quite similar to a reciprocating steam engine. These compressors are sometimes 
employed for comparatively low pressures also, as “ blowing engines.” 


The Aik Engine 


180. Air Engine Cycle. In Fig. 67, ABOB represents cun ideal- 
ized air engine cycle. AB shows the admission of air to the cylin- 
der. Since the latter is smidl as compared wdtli the transmitting 
pipe line, the specific volume and pres- .p 
sure of the fluid, and consequently 
its temperature as well, remain un- ^ 
changed. BO represents expansion 
after the supply from the mains is 
cut off. If the temperature at B is that f 
of tlie external atmosphere, and ex- 
pansion proceeds slowly, so that any 
fall of temperature along BO is offset d 
by the transmission of heat from the 
outside air througli the cylinder walls, o 
this line is an isothermal. If, however, 
expansion is rapid, so that no transfer 

of heat occurs, B 0 will be an adiabatic. In practice, the expansion 
line is a polj^tropic, lying usually between the adiabatic and the 
isothermal. OD represents the expulsion of the air from the cyl- 
inder at the completion of the working stroke. At B, the inlet 
valve opens and the pressure rises to that at A. The volumes 
shown on this diagram are not specific volumes, but volumes of air in 
the evlinder. Subtended areas, nevertbeless/reuresent external work. 



Fig. 57. Arts. ISO-185, 189, 222, 223, 
226, Prob. C. — Air Eugine Cycles. 


183. Work Done. Letting p denote the pressni'c along j 
the pressure at the end of the expansion, q the “ bac.k pressure” 
along MB (slightly above that of the atmosphere), and le,t,(,ing /> 
denote the volume at and V that at the end of (ixjiansion, liotb 
volumes being measured from OA as a lino of zero volumes, (.limi, 
for isothermal expansion, the Avork done is 

7 

VV^'pv\oge~-qy] 


and for expansion such that it is 

m — PV -- 

- 2 ^- 


(111 these and other equations in the present ehnptcu', tin' air will 
be regarded as free from moisture, a sufficiently aeeuralc' inediud ol 
procedure for ordinary design. For air constants with inoistun; 
effects considered; see Art. 3826, etc.) 


183. Maximum Work. Under the most favovalde c.ondiihms, ('xi):in- 
sion would be isothermal and “complete”; i.a. (iontinued down to Mii^ 
back-pressure line CD. Then, q = P=i)v^Y, and the woi’k woidd be 
pvlog^iy -r-v). For compleU adiahaiia expaiiHien, the. work would b('. 


181 Entropy Diagram. This cannot be obtaiiK'd i)y dinsh. transfer from Ihn 
PV diagram, because we are dealing witli a varying quiinl.ily of air. 'I'lie, niel luid 
of deriving an illustrative entropy diagram is explained in Art. 21S. 


185. Fall of Temperature. If air is received l)y an (uigine. at 
P, P, and expanded to p, g then from Art. Idt, if 10, and 

P=52!)° absolute, Avdth adiabatic expansion, )5=: - 187“ lA 


This fall of temperature during adiabatic expansion is a serious niatler. 
Low final temperatures are fatal to successful working if tlu' slightest 
Lace of moisture is present iii the air, on account of the forma, tion of ice 
in the exhaust valves and passages. This diffieidty is eeuntcraxd.ed in 
various ways: by circulating warm air about the exhaust passag(‘s; hv 
specially designed exhaust ports; by a reduced range of lunssurcs; b'y 



tiiG use 01 compressed iiir lor street raiiway traction in JNew York, stored 
hot water was employed to preheat the air. The only commercially suc- 
cessl'ul method of avoiding inconveniently low temperatures after expan- 
sion is by raising the temperature of the inlet air. 

186. Preheaters. In the Paris installation (4), small heaters were 
placed at the various engines. These were double cylindrical boxes of 
cast iron, with an intervening space through which the air passed in a 
circuitous manner. The inner space contained a coke fire, from which 
the products of combustion passed over the top and down the outside of 
the outer shell. Por a 10-hp. engine, the extreme dimensions of the 
heater were 21 in. in diameter and 33 in. in height. 

187. Economy of Preheaters. The heat used to produce elevation of 
temperature is not wasted. The volume of the air is increased, and the 
loeight consumed in the 
engine is correspondingly 
decreased. Kennedy esti- 
mated in one case that 
the reduction in air con- 
sumption due to the in- 
crease of volume should 
have been, theoretically, 

0.30} actually, it was 0.25. 

The mechanical efficiency 
(Art. 214) of the engine 
is improved by the use of 
preheated air. In 
one instance, Ken- 
nedy computed a 
saving of 225 cu. ft. of 
(‘free” air (i.e. air at at- 
mofiplieric pressure and tem- 
perature) to have been ef- 
fected at an expenditure 
of 0.4 lb. of coke. XJiiwin 
found that all of the air 
used by a 72-hp. engine 
could be heated to 300° F. 




t, N the horse power of the engine, and U the work done in foot-pounds 
per pound of air, then, ignoring clearance (the space between the piston 
and the cyh’nder head at the end of the stroke), the volume swept 


t 

through by the piston per minute =Wr=n-y = TFi?—; whence 

WRt , . oonAHAT -nrr 33000iF , SSOOOMf 

V = ; and since WU =33,000iV, W = — — , and V = ■ 


np 


U 


nUp 


189. Compressive Cycle. For quiet running, as Avell as for other 
reasons, to be discussed later, it is desirable to arrange the valve 
movements so that some air is gradually compressed into the clear- 
ance space during the latter part of the return stroke, as along Ua, 
Fig. 57. This is accomplished by causing the exhaust valve to close 
at E, the inlet valve opening at a. The work expended in this com- 
pression is partially recovered during the subsequent forward stroke, 
the air in the clearance sjoace acting as an elastic cushion. 


190. Actual Design. A single-acting 10-hp. air engine at 100 r. p. m., 
working between 114.7 and 14.7 lb. absolute pressure, with an “ appar- 
ent ” (Art. 450) volume ratio during exjpansiou of 5 : 1 and clearance equal 
to 5 per cent of the piston displacement, begins to compress when the 
return stroke of the piston is completed. .The expansion and compres- 
sion curves are c. Assuming that the actual engine will give 90 

per cent of the work theoretically computed, find the size of cylinder 
(diameter = stroke) and the free air consumption per Ihp.-hr. 

In Fig. 59, draw the lines ah and cd representing the pressure limits. We are 
to construct the ideal PV diagram, making its enclosed length represent, to any 
convenient scale, the displacement of the piston per stroke. The extreme length 
of the diagram from the oP axis will be 5 irer cent greatei-, on account of clear- 
ance. The limiting volume lines ef and gli are thus sketched in ; BC is plotted, 

making = 5 ; the point E is taken so that = 0.9, and EF drawn. Then 
AB Di 

ABCDEF is the ideal diagraur. We have, putting Di = D, 

114.7. 

P^,= P,, = 14.7. 

Vc=Vo = 1.05 P. 

Vj, 0.25 D. 

= iq = 0.05 D. 

T/_ — n 1 n 





behavior conforms to the la^y PF^-» = c, then at the pressure, ..)l. id. u>^nui 


we would have 

— P eF or Fa — 


Fe 


0.15 i) 


■1 ,1 7 \ Q.vri'.i ^ 

..UlL) = (MKIO!) Z>, 
,111.7/ 


The vokuue of fres/i air broiight into the cylinder per strolce is th(!U 
0.25 P - O.OOO!) P = 0.2101 P 

or, per hour, 0.2191 x 0.03 x 100 x 00 = S2S cu. ft. Kediieed toy'/re air (.Art. lS7j, 
this would be 828 x = 0450 eu. ft., or 015 cu. ft. per llip.-lir. (Coiiijiaro 
Art. 192.) 

191. Effect of Early Compression. If compression were to begin at :i, siilli- 
ciently early point, so that the pressure were raised to that in the supply pipe 
before the admission valve opened, the fresli air would 1‘ind the eleara!\ee spa<'e. 
already comi>letely filled, and a less (puiutity of such fresh air, by O.Do 73, insiead 
of 0.0309 P, would be recpiired. 


192. Actual Performances of Air Engines. .KeniKuly (d) round a eon- 
sumption of 890 cu. ft. of free cuir per Ihp.-hr., in a siiudl lioiu/oiitul .s/eu/u. 
engine. Under the conditions of Art. ISO, the Ihc.oMiail iiuu'iiiiinii, work 
which this quantity of air could perform is 1.27 lip. 'Plio c.ylindor clli- 
ciency (Art. 215) of the engine was therefore 1.0 -i- 1 .27 ^ 0.79. With 
small rotary engines, without expansion, tests of thii Paris e.oiuiin’s.scd air 
system showed free air eonsumptioii rati'S of from 191(5 l.o 2.">.'!() eu. ft. 
By Avorking these motors ex[)ausively, the ra,tes Avere brought within 
the range from 848 to 128(3 cu. ft. A good reciprocating engine with pi'e- 
heated air realized a rate of 477 cu. ft., corresponding l.o .'5(5.1 Ih., pm- 
hra/ce horse power per hour. The cylinder elliciencies in these examples 
varied from 0.3G8 to 0.87G, and the ineehanical elliciencies (Art. 2M) from 
0.85 to 0.92. 

The Aik Compkessdk 

193. Action of Piston Compressor. Fissure GO rejnx'scnt.s iho 
parts concerned in the eyele of an air compve.ssov. Air is ilra.Avn 

from the atmosphere tlirongh, ilio spring' eheek 
waive a, filling' ilie space 0 in the cylinder. 'This 
infloAv of air continues iinlil the piston lias 
reached its extreme right-hand jiosition. On llio 
return stroke, the valA'c <f being closed, eoinpres- 





a,uue volume oi air iii lae eyiiuuer. xiiis exptinas uuriiig me eariy 
part of the next stroke to the right, but as soon as the pressure of 
this air falls slightly below that of the atmosphere, tiie valve a again 
opens. 

194. Cycle. An actual diagram is given, 
as AD OB, Fig. 61. Slight fluctuations in 
pressure occur, on account of fluttering through 
the valves, during discharge along AD and 
during suction along CB; the mean discharge fig. hi. Art. iw.— Cycle 

, » 1 1 - 1 ,1 i of Air Compre.ss()r. 

pressure must or course be slightly greater 
than the receiver pressure, and the mean suction pressure slightly 
less than atmospheric pressure. Eliminating these irregularities and 
the effect of clearance, the ideal diagram is adcb. 



195. Form of Compression Curve. The remarks in Art. 180 as to 
the conditions of isothermal or adiabatic expansion apply equally to the 
compression curve BA. Close approximation to the isothermal path is the 

ideal of compressor per- 
formance. Let A, Fig. 62, 
be the point at which 
compression begins, and 
let DE rejn-esent the 
maximum pressure to he 
attained. Let the cycle 
be completed tbrough the 
states F, 0. Then the 
work expended, if com- 
pression is isothermal, i-s 
ACFG-] if adiabatic, the 
work expended is ABFG. 
The same amount of air 
has been compressed, and to the same pressure, in either case; the area 
ABC represents, therefore, needlessly expended work. Furthermore, dur- 
ing transmission to the point at which the air is to be applied, in the 
great majority of cases, the air will have been cooled clown practically 



Fig. 02. Arts. 195, 197, 213, 218. — Forms of Compressiou 
Curve. 


again expand adiahatically (along GH) instead of isotlioniKilly (along 
CA), a definite anionnt of available power will lia,V(! lanni lost, iTjnr- 
sented by the area OIIA. . During coniprossion, w(3 aim to hav.; tlie work 
area small; during expansion the object is that it be hu’g('; the adiabatic, 
path prevents the attainment of either of these idi^als. 

The loss of jjower by adiabatic compression is so grea.(. tliat various 
methods are employed to produce an approximately is(;th(n'mal pal.li. As 
a general rule, the path is consequently inteiamidial.e b(!t3ve(m tlu' iso- 
thermal and the adiabatic, a polytropic, p?;" = Ct Tin; relations derived 
in Arts. 183 and 185 for adiabatic expansion apply equally to this path, 
excepting that for y we must write n, the value ol: -n bilng somewlnns'. 
between 1.0 and 1.402. The effect of wat(!r in the eylinder, whi'ther in- 
troduced as vapor with the air, or purposely injec.ted, is to somewha.t 
reduce the value of n, to increase the interchange of heat with l.he. walls, 
and to cause the line FG, Tig. G2, to be straight and vertical, rather tlmn 
an adiabatic expansion, thus slightly increasing the (aqiadly of ihe, com- 
pressor, as shown in Art. 222. 

196 . Temperature Rise. The rise of tempcratun; due to eonpircssinu may Iks 
computed as in Art. 185. Under ordinary conditions, the air |(‘aves thi' (!om- 
pres.sor at a temperature higher than that of boiling water. IVithoiit cooling 
devices, it may leave at such a temperature as to make tin* pip(‘s red hot. II. is 
easy to compute the (not very extreme) conditions nmhn- whidi the ri.se. in tem 
perature would be sufficient to melt the cast-iron conipn'ssor eylinder. 


197 . Computation of Loss. The mselessly expended work (hiring adiahatie 
(and .similarly, during any other than isothermal) com])rcHsion may he directly 
computed from the difference of the work areas CAKI and <’IL\I\I, Fig. (12. 
The work under the isothermal is (p, v, referring to tin' point ( \ and F, to 
the point A),pv log, (7 -f- v) = po log,(p -e P) ■ while if Q is tlie volume at 
the work under ABC is 


but 


p (Q — c) -p 


pQ~PV 


1 


pQ«' = P7^ and f(^T: 

\p/ 


so that the percentage of lo.ss corresponding to any ratio of initial and final jire.s- 
sures and any terminal (or initial) volume may be at once eompulml. 


■walls and thus to chill the working air during compression. While this method 
of cooling is quite inadequate, it has the advantage of simplicity and is largely 
employed on the air “ pumps ” which operate the brahes of railway trains. 


200. Injection of Water. This was the method of cooling originally em- 
ployed at iMout Cenis by Colladon. Figure G3 shows the actual indicator card 
(Art. 484) from one of the older Colladon p 
compressors. (774 is the corresponding 
ideal card with isothermal compression. ^ 

The cooling by stream injection was evi- 1 ^ 'wK 

dently not very effective. Figure G4 rep- m 
resents another diagi’am from a compre.ssor % 
in which this method of cooling was em- \|^ 

idoyed; oft representing the isothermal am D 

ac the adiabatic. The exponent of the ^ ^ 

actual curve ad was l.GG; the gain over 
adiabatic compression was very slight. 13/ 

f introducing tin Art 200/-Cara from Colladon 

,7 . Compressor. 

A / water in a verj/ 

^ \j ii Vjlg® fne spray, a somew'hat lower value of the exponent 

obtained in the compressors used by Colladon on 
''v > tlie St. Gothard tunnel. Cause and Post (G) have re- 

ducod the value of ?i to 1.2G by an atomized spray. 

. Figure Go shoAvs one of their diagrams, oft being the 
1 a isotliermal and oc the adiabatic. In all cases, 

■ spray injection is better than solid stream in- 

jection. The value n = 1.3G, above given, 
was obtained when a solid jet of half-inch 
Fuj. (it. Art. 200. — Cooling by Jut (Jiameter was used. It is e.stimated that errors 
Iiqection. indicator may introduce au uncer- 

tainty amounting to 0.02 in the value of ?i. Piston leakage w'ould cause an 


— — V 

Fig. (iJ. Art. 200/— Card from. Colladon 
Compressor. 


Fig. (it. Art. 200. — Cooling by Jut 
Injection. 


apparently low value. The coinpai’ative 
efficiency of spray injection is shown from 
the fairly uniform temperature of dis- 
charged air, w’hich can he maintained even 
with a varying speed of tlie compressor. 
In tlie Cause and Post experiments, with 
inlet air at 811° F., the temperature of dis- 
charge W'as 95° F. Spray injection has the 
objection that it fills the air witli vapor, and 
it has been found ihat the orifices must be 
so small tliat they soon clog and become 



Fig. 05. Art. 200.— Cooling by Atomized 
Spray. 
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201. Water Jackets. These reanoe the value of « t.i a very .sIikIi* ex- 
tent only, but are generally employed beeanso ol: then- biv..vaUe mil.iene,, 

OH cylindor lubruicil'itJH. (idusi cintl 

81 ° F., and jaclcets on thn liarnd.s of 
%d%x cylinders only (not. on iho IkmuIs), 

the teniporiiturci ol’ the diseliariifed air 

was M2()" F. (JooliiKj (xr.vrml dur- 

^''\r ing erpnhioii. ralhcr llxui ihirhig n>i)i- 

\ jrression. The eoolinft elTee.t de.pends 

\ largely upon the heat l.ransmisHive 

power of th(‘. eylinder walls, and the 

value of II, uonse.((U<uitly inereases at 

Fig. 66. Art. 201 .-Coolin-l)y Jackets. speeds. Two speeiliien etinls 

are given in Fig. G6; ah being the isothermal and oc tin; adiiil.'atie. W ith 
more thorough cooling, jacketed 


Fig. 66. Art. 201.— Cooling liy Jackets. 


heads, etc., a lower value of n 
may be obtained ; but this value 
is seldom or never below l.lh 
Figure 67 shows a card given 
by Unwin from a Cockerill com- 
pressor, DC indicating the ideal 
isothermal curve. At the 
higher pressures, air is appar- 
ently more readily cooled; its 
own heat-conducting power is 
increased. 


\s\ 'A 

S^ sO sv 

.,nN\ 

^ \ \N S 




202. Heat Abstracted. In j< yoLUMcor Aa.ADMn-T.o J 

Fig. 68, let AB and AG be the Fm. 67. Art. 201.— ('ocki'i-ill Ciimprc.s.sor witli 
adiabatic and the actual paths, thicket. ( ooling. 

An and CIV adiabatics; the beat to be abstnutted is tin n mpiivtihuit i.n 
f NCAn = lACL -f n.I ID - A7 -7. A. 



Now IACL=^''' ~ ^'K II A/D 

•II. ~ 1 1 / - \ 




p, (‘X|)V('.ssc'(I lu 1()()t-]i()imds. I'^ur ifiotlienual oompression, as along 
uU), log,, (1 iunl total heat to be abstracted is measured 

l)y tlii.s ar(“.a,. 11 the ])al.h is adiabatic, jiB, n = y, and the expression for 

heat abslra(;tiou liectomes zcro.^' 


203. Elimination of v. It is oonveniimt to express the total areaiVCyla in 
ti'i'iiis ()!' p. and b only. 'Die ar(’a 


/.I r'h 
Also, 


, /"’ • 


/Mb 

1 
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1 (pn-J>V) 


r V ( /np 
u - 1 \P V 
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P\n-l 
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NdAC :=r -df, 
;//- 1 


\vliene.e N('Av 


PV 


1 -I- 


n-Api’" 

PV PYJP.V 
v-A p - 1 \ p r 


204. Water Required. Lot the heat to be abstracted, as above com- 
put(Ml, be ,//, in lieal, units. Then if jS and s are the iinal and initial 
tempera, tiu'C.s of cooling water, and 6' the weight of water circulated, we 
liave, (/=: // -=- (>S' — ,s’), the specilic heat of water being taken as 1,0. In 
pi’ac.tie.e, the range, of temperature, of the cooling water may be from 40° 
to 70° Ih 


205. Multi-stage Compression. Tlio eff)‘<YLvc method of securing a 
low value, of ■>/. is by midtl-s.ta<je operation^ the principle of which is 
illnstratiMl in hhg. 00. Let A bo llie 
stat(5 at the l)e.,ginunig of t;oinprcs- 
sioii, ami let it bo assumed that the 
])ath is prae.iicuilly adiabatic, in spite 


of jacket (‘.ooling, as AB. \.A,A0 
1)0 an isothermal. In ninlti-stage 
e.onij)ression, tlie air follows the jxitli 



I’.u. US). 


AB lip to a inodorato pressnre, as a,t 
D, and is then disidiargcd and cooled 
at constant pressure in an extennd 
vexseB nniil its toniperatnre is as 
nearly as possible that at wliieh it was admitted to the cylinder. 


Art. 205. — Multi-stage Com- 
j)re.ssiou. 


Tlie patli representing this cooling is BE. The air now passes to 
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a second cylinder, is adiabatically compressed along ejected and 
cooled along FCr, and finally compressed in still another cylinder 



Fig. 70. Arl.s. 20.7, 206. — Twti-stage Com- 
pre,ssor Indicator Diagram. 


along GH. The diagram illus- 
trates compression in three 
“ stages ” ; but two or four stages 
are sometimes used. The work 
saved over that of single stage 
adiabatic compression is shown 
by the irregular shaded area 
JSGFEBB^ equivalent to a re- 
duction in the value of n, under 
good conditions, from 1.402 to 


about 1.25. Figure 70 shows the diagram from a two-stage 2000 hp. 
compressor, in which solid water jets were used in the cylinders. 


The cooling water was at a lower 
temperature than the inlet air, 
causing the point h to fall inside 
the isothermal curve AB. The 
compression curves in each cyl- 
inder give n = 1.36. Figure 71 
is the diagram for a two-stage 
Riedler conqDressor with spray in- 
jection, AB being an isothermal 
and AO an adiabatic. 


B ic 



t ^ ^ 

Fig. 71. Arts. 205, 214-. — Two-stage Riedler 
Compressor Diagram. 


206. Intercooling. Some tvorlc i.s always wasted on account of the friction of 
tlie air pas.sing tliroiigh tlie intercooling device. In early compressors, this loss 
often more than outweighed the gain due to compounding. The area ghij, Fig. 
70, indicates the Avork Avasted from this cause. In tliis jDarticular instance, the 
loss is exceptionally small. Besides this, the additional air friction through two 
or more sets of vah'es and 2 )orts, and the extra ineclianical friction due to a multi- 
plication of cylinders and reciprocating parts must be considered. Multi-stage 




nal head, so that the tubes, sheet, and head 
are free to move as the tubes expand 
(Fig. 72). The air entering the shell sur- 
rounds the tubes and is compelled by baffles 
to cross the tube space on its way to the out- 
let. Any moisture precipitated is drained 
off at the pipe a. The water is guided to 
the tubes by internally projecting ribs on 
the heads, which cause it to circulate from 
end to end of the intercooler, several times. 
If of ample volume, as it should be, the 
intercooler serves as a receiver or storage 
tank. The one illustrated is mounted in 
a horizontal position. A vertical type is 
shown in Fig. 73. The funnel provides a 
method of ascertaining at all times whether 
water is flowing. 


^ 11 


208. Aftercoolers. In most 
manufacturing plants, the pres- 
ence of moisture in the air is ob- 
jectionable, on account of the 
difficulty of lubrication of air 
tools, and because of the rapid de- 
struction of the rubber hose used 
for connecting these tools with 
the pipe line. To i-emove the 



iiin 



209. Power Consumed. From Art. 98, the work tinder any curve 
^n,’"=PF”is, adoxiting the notation of Art. 202, J- ' - ~ ^ , 


n ■ 
??— 1 


pi) 


n — 1 


PV 

pv 


pv 

u — 1 


1- 


The work along an adiabatic is expressed by the last formula if we make 
V = ?/ = 1.402. The tvork of expelling the air from the cylinder after com- 
pression is pv. The work of drawing the air into the cylinder, neglecting 


clearance, is PV—pv 


P 


The net work expended in the cycle is the 


algebraic sum of these three quantities, which we may write, 

;v-l t>-\ 1,-1 


- 1 i \v J 


!■ +pv — 2>v 
J 


P 


]>ni ( . 
n - 1 


P\ " 
P 


It is usually more convenient to eliminate r, the volume after compres- 
sion. This gives the work expression. 


PVh 
n~ 1 



If pressures are in pounds per square inch, the foot-pounds of work per 

minute will be obtained by multiplying this expression by the number of 

working strokes per minute and by 144; and the theoretical horse power 

necessary for compression may be found by dividing this iiroduct by 

83,000. If we make V~l, P =1-1:7, we obtain the power necessary to 

compress one cubic foot of free air. If the air is to be used to drive a 

motor, it will then in most cases have cooled to its initial temperature 

(Art. 195), so that its volume after compi'ession and cooling will be 

PV-i-pi. The work expended per cubic', foot of this compressed and 

cooled air is then obtained by multiplying tlie work per cubic foot of free 

air by — • 

F 

210. Work of Compression. In soine text-books, tlie work area under- the 
compression cui-ve is .specifically r-et'err-ed to as the work of compression. This is 
not the total work area of the cycle. 



sure be q, the liighest p, and the pressure during intercooling P. Also let 
intercooling be complete, so that the air is reduced to its initial tempera- 
ture, so that the volume V after intercooling is in Avhich r is the 
volume at the beginning of compression in the first C 3 dinder. Adopting 

the second of the Avork expressions just found, and Avriting z for — Ave 
have ^ 


Work in first stage = 

z 



Work in second stage = 


PV{fp 


P. 




Total Avork = 21 f ^ — 2 1 = TK 
z [\q J \PJ J 


Differentiating Avith resj)ect to P, we obtain 


zf ^-zf 

dP z _\q J q~ \Pj P“_ 


i=qr 


1 ^jl( 1 

q[qj P\Pj } 


= qr 


P‘-^ p‘ 1 
q^ p.+i I ■ 


For a minimum value of IF, the remit desired in proportioning the pres- 
sure ranges, this expression is put equal to zero, giving 

P2-pg, or P=Vm, or j = y' 

An extension of the analysis serves to establish a division of pressures 
for four-stage machines. From the pressure ranges given, it may easily 
be shown that in the ideal cycle the condition of minimum work is that 
the amounts of work done in each of the cylinders be equal. The number 
of stages increases as the range of pressures increases; in ordinary prac- 
tice, the two-stage compressor is employed, with final pressures of about 
100 lb. per square inch above the pressure of the atmosphere. In Ioav- 
pressure blowing engines, the loss due to a high exponent for the compres- 
sion curve is relatively less and these machines are frequently single stage. 

For three-stage machines, working between the pressures pi (low) 



Engine and Compressor Relations 

212. Losses in Compressed Air Systems. Sliirting with mechanical power 
delivered to the compressor, we have the following losses: 

{(i) friction of the compressor niecJianism, aifecting the mechanical 
efficiency, 

(b) thermodynamic loss, chiefly from failure to realize isothermal com> 

pressiou, but also froiu friction and leakage of air, clearance, etc., 
indicated by the cffiiiider efficiency ; 

(c) transmissive losses in pipe lines ; 

(d) thermodynamic losses at the consumer’s engine, like those of (IS ) ; 

(e) friction losses at the consumer’s engine, like those of (a). 

213. Compressive Efficiency. ^Vliile not an efficiency in tire true sense of the 
term, the relation of work generated during expansion in the engine to that ex- 
pended during compression in the compressor is soniotiines called the compressive 
efficiency. It is the quotient of tlie areas FCIIG and FJiAG, Fig. G2. From the 
expression in Art. 209 fur work under a polytropic plus work of dischai’ge along 
BF ov of admission along FC, wc note tliab, the values of P and p being identical 
for the two paths, AB and CH, in question, the total work under either of these 
paths is a direct function of the volume Fat the lower pressure P. In this case, 
providing the value of n be the same for both iiiatlis, the two work areas have the 
ratio V s- x, where Fis the volume at ..1, and x that at 11 . It follows that all the 
ratios of volumes LN -i- LM, OQ OP, etc., are equal, and equal to the ratio of 

areas. The compressive efliciency, then, =-p= T U where t is the temperature 

at A (or that at C), and 7’ that at H. For isothermal paths, T = t, and the com- 
pressive etliciency is unity. In vaidous tests, the compressive efficiency has ranged 
from 0.48S to 0.898. It depends, of coursi', on the value of n, increasing as n decreases. 

214. Mechanical Efficiency. For the compressor, this is the quotient of work 
expended in the cylinder by work consumed at the flywheel; for the engine, it 
is the quotient of work delivered at the fly wheel by work done in the cylinder. 

Friction losses in the mechanism measure the mechanical inefficiency of the 
compressor or engine. With no friction, all of the power delivered would be ex- 
pended in compression, and all of the elastic force of the air would be aA^ailable 
for doing Avork, and the mechanical efliciency Avoiild be 1.0. In practice, since 
compressors are usually directly driven from steam engines, Avith piston rods in 
common, it is impossible to distinguish betAA'eon the nieclianical efficiency of the 
compressor and that of the steam engine. The combined efficiency, in one of the 
best recorded tests, is giA'eu as 0.02. For the compressor Avhose card is sIioaaui in 
Fig. 71, the combined efliciency was 0.87. Kennedy reports an average figure of 



wunom ciaaiunce, arawmg in air ai aiinospnenc pre sure, compressing it isoinermaiiy 
and discharging it at the constant receiver pressure, to the loork done in the actual cycle 
of the same maximum volume. It measures item (b) (Art. 212). It is noi the “com- 
pressive efficiency ” of Art. 213. For the engine, it is the ratio of the work done in 
the actual cycle to the work of an ideal cycle without clearance, with isothermdl expan- 
sion to the same maximum volume from the sameiniiial volume, and wilhconslant pressures 
during reception and discharge ; the former Icing that of the pipe line and the latter that 
of the atmosphere. Its value may range from 0.70 to 0.00 in good machines, in gen- 
eral increasing as the value of n decreases. An additional influence is fluid fric- 
tion, causing, in the compressor, a fall of pre.ssnre through the suction stroke and 
a rise of pressure during the exjudsion stroke ; and in the engine, a fall of pressure 
duidng admission and excessive hack pressure during exhaust. All of these condi- 
tions alter the area of tiie cycle. In 'well-desigued machines, these losses 
should be small. A large capacity loss in the cylinder is still to be considered. 

216. Discussion of Efficiencies. Considering the various items of loss sug- 
gested ill Art. 212, we find as average values under good conditions, 

(a) mechanical efficiency, 0.85 to 0.90; say 0.85; 

(&) cylinder efficiency of compressor, 0.70 to 0.90; say 0.80; 

((?) transmission losses, as yet undetermined ; 

{d) cylinder effciency of air engine, 0.70 to 90.0; say 0.70; 

(e) mechanical efficiency of engine, 0.80 to 0.90; say 0.80. 

The combined efficiency from steam cylinder to work performed at the con- 
sumer’s engine, assuming no loss by transiuissiou, would then he, as an average, 

0.85 X 0.80 X 0.70 x 0.80 = 0.3808. 

For the Paris transmission system, Kennedy found the over-all efficiency (includ- 
ing pipe line losses, 4 per cent) to be 0.26 with cold air or 0.3S4 with preheated 
air, allowing for the fuel consumption in the preheaters (9). 

217. Maximum Efficiency. In the processes described, the ideal efficiency in 
each case is unity. We are here dealing not with thermodynamic transformations 
between heat and mechanical energy, but only with transfoimiations from one form 
of mechanical energy to another, in part influenced by heat agencies. No strictly 
thermodynamic transformation can have an efficiency of unity, on account of the 
limitation of the second law. 

218. Entropy Diagram. Figure 62 may serve to represent the com- 
bined ideal FV diagrams of the comin-essor (GABF) and engine (FGHG). 



JLiJ-iO LXiLK^Oj iO XJ.U VV UU iXi. LIO U i C*; UVZJU 


auu uvvu piibiia ui 
on the 2W coordinates. 

For convenience, Ave rei^rodiice the essential features of Fig. 62 
in Fig. 74. In Fig. 75, lay off the isothermal T, and choose the 

point A at random. Now 
if either or Tj^ be 
given, we may complete 
the diagram. Assume 
that the former is given ; 
then plot the correspond- 
ing isothermal in Fig. 75. 
Draw AB, an adiabatic, 
BG and AH as lines 
of constant pressure 



Fro. 74. Art. 21S. — Engine and Compressor Diagrams 


^loge 


the point 


Q falling on the isothermal T. Then draw (77F, an adiabatic, de 


termining the point H ; or, from Art. 213, noting that ^ 

may find the point H di- 
rectly. If the paths AB 
and CH are not adia- 
batics, we may compute 
the value of the specific 
heat from that of n and 
plot these paths on Fig. 

75 as logarithmic curves ; 
but if the values of n are 
different for the two 
jAaths, it no longer holds 


Tn Ta 


T, 


Ave 



that 


Ta T, 


The area 


Fig. 75. Arts. 218, 211), 221. — C()nipre.s.sed Air System, 
Entropy Diagram. 


OB AH in Fig. 75 uoav represents the net Avork expenditure in 
heat units. 


ture of the. air during comjiression, giving sucli a ciycle as AIGDA, or even, 
with isothermal exiiansion in the engine, ; in either case, the net 


Avork expenditure might he nega- 
tive ; the cooling water acconiplish- 
ing the result desired. 

220. Actual Conditions. Under 
the more usual condition that the 
temperature of the air at admission 
to the engine is somewhat higher 
than that at Avhicli it is received by 
the compressor, Ave obtain Figs. 
76, 77. T, Tq and either or Tjj 
must noAV be given. The cjnde in 
Avhich the temperature is reduced 
during compression noAV appears 
as AIGDA or AIJA. 



\ V 

Fig. 76. Art. 220.— Usual Combinatidii of 
Diagrams. 



221. Multi-Stage Operation. Let the ideal pv path be DEGBA, Fig. 7<S. 
The “ triangle ” ylS(7 of Fig. 75 is then replaced by the area DEGBA, 
Fig. 79, bounded by lines of constant pressure and adiabatics. Tlie area 




Fni. SO. Art.. 2‘i]. — Tlir(;c-slii.!;e 
Coinpru.ssiiiii atid Ex])iiiJ,sion. 


mediate jjosition, already determined in 
Art. 21]. With inadequate intercooling, 
the area representing work saved would be 
yFEx. Figures 80 and 81 represent the 
ideal pu and nt diagrams respectively for 
compressor and engine, each three-stage, 
with perfect intercooling and aftercooling 
and preheating and with no drop of pres- 
sure in transmission. BhA and Ah,B 
would be the diagrams with single-stage 
adiabatic compression and expansion. 



Fig. 81. Art. 221. — Tliree-stage Compression and Expansion. 


Compressor Capacity 

223. Effect of Clearance on Capacity. Let ABCD, Fig. 57, be the ideal p;; dia- 
gram of a compressor wiLliout clearance. If there is clearance, the diagram will 
be (tBCE \ the air left in the cylinder at a will expand, nearly adiabaticallv, along 
(iK, .so that its volume at the intake pressure will be somewhat like DE. The 
total volume of fresh air taken into the cylinder cannot be DC as if there were no 
clearance, but is only EC. The ratio EC {Vc — Va) is called the volumetric 
efficiency. It is the ratio of free air drawn in to piston displacement. 

223. Volumetric Efficiency. This term is sometimes incorrectly applied to the 
factor 1 — c, in which c is the clearance, expressed as a fraction of the cylinder 
volume. This is illogical, becau.se this fraction measures the ratio of clearance air 
at final pressure, to inlet air at atmospheric pressure (rln -i- DC, Fig. 57) ; while 
the reduction of compressor capacity is determined by the volume of clearance air 
at atmospheric pres.sure. If the clearance is 3 per cent, the volumetric efficiency is 
much less than l>7 per cent. 


picftsure Will uuyii ue iuss uuciii liutu ui tile ujiliiuci. xiiis is sriuwn 

p in Fig. 82. The line of atmospheiic pressure i.s DF, the capacity is 
reduced by FG, and the volumetric efficiency is DF -e IIG. Tlie capacity 
may be seriously affected from this cause, in the case of a badly designed 
machine. 


225. Volumetric Efficiency ; Other Factors. Where jackets or water jets 

are lused, the air is often 
, \i. somewhat heated duriim’ 

\ I the intake stroke, increas- 

\q Iq iug its volume, and thus, 

\* 'V j~ as in Art. 224, lowering 

^ j the Amluraetric efficiency. 

The effect is more notice- 
able with jacket cooling, 

Fig. 82. Art. 224. -Effect of Suction Friction. cylinder 

-w'alls often remain con- 


stantly at a tempei'ature above that of boiling water. Tests have shown a loss 
of capacity of 5 per cent, due to changing from spray injection to jacketing. — A 
high altitude for the compressor results in its being supplied with rarefied air, and 
this decreases the volumetric efficiency as based on air under standard pressure. 
At an elevation of 10,000 ft. the capacity falls off 30 per cent. (See table, Art. 52o.) 
This is sometimes a matter of importance in mining applications also. — Volumetric 
efficiency, in good designs, is principally a matter of low clearance. The clearance 
of a cyhnder is practically constant, regardless of its length; so that its percentage 
is less in the case of the longer stroke compressors. Such compressors are com- 
paratively expensive. — When water is injected into the cylinder, as is often the case 
in European practice, the clearance space may be practically filled with water at 
the end of the discharge stroke. Water does not appreciably expand as the pressure 
is lowered; so that in these cases the volumetric efficiency may be determined 
by the expression 1— c of Art. 223, being much greater than in cases where water 
injection is not practiced. 


226. Volumetric Efficiency in Multi-stage Compression. Since the 
effect of multi-stage compression is to reduce the pressure range, the 
expansion of the air caught in the clearance space is less, and the dis- 
tance DE, Fig. 57, is reduced. This makes the volumetric efficiency, 
EC (V(.~Va), greater than in singie-stp.ge cylinders. If FGH repre- 
sent the line of intermediate pressure, the ratio (F^— IT) is the 
gain in volumetric efficiency. 


227. Refrigeration of Entering Air. Many of the advantages following multi- 
stage operation and intercoohng have been otherwise successfully realized by the 
plan of cooline: the air drawn into the compressor. This of course increases the 


air from SO^ to 28° F. This should decrease tlie specilie volmiu', in the rai.io 
(150.0 + 28) -f- (450.G + 80) = 0.90. The free air capacity .should (!onse([uently 
be increased in about this ratio (10). 

228. Typical Values. Excluding the effect of cloiivunc.o, a los.s in on- 
pacity of from 6 to 22 per cent has been found by Unwin (11) to ln' duo 
to air friction losse,s and to heating of the entering air. lloihunann ( 12) 
tinds Tolumetric efficiencies from 0.7.‘5 to O.bli). Tlio. volumo.trie o.llio.ionoy 
could be preemhj determined only by measuring the air drawn in and 
discharged. 

229. Volumetric and Thermodynamic Efficiencies. '!J’ht‘. volnnudrio effi- 
ciency is a measure of the c'Upac% only. It is not an (‘ffi(‘ioncy in Uiosonso 
of a ratio of effect ’’ to cause.” In Fig. 815 the, solid, lini's sliow a,u a.ol.ual 
compressor diagram, the dotted lines, 7tYr///j, iho corrosiionding porfoot 
diagram, .with clearance and isothermal compression. In tlumud.ual oasi^ 
we have the wasted work areas, 

EL, IQ, due to friction in discharge ports ; 

GQKDy due to nou-isotheriual comprc'ssion ; 

I)F2£C, due to friction during the suction of tlio air. 

At BEC, there is an area representing, appaiuuddy, a s:tving in work 
expenditure, due to the LQpansioii of tlio, doivninco ah'; this sa.viug in 

work has been accomplished, however, 
with a deciMiased e.apatdty in ilit; pro- 
portion B(J -ir BE, a proporl.ion whieh 
is greater than tliatof BIIE 1,o tlu^ total 
work area. Eurthnr, ex])ansiou of the 
clearance air is inado ])ossi bio as a, result 
of its previous coin])ression along FDE-, 
and the energy givcui u]) by ('xjuinsion 
can never (piitc (Hpial that, expended in 
compression. The. efbud, of oxiwssirv 
Jriclion duriiKj niaiioii, redindug lln^ 
capacity in the ratio J>E ■■:■■■ BE, i.s 
usually more marked on the capacity than on the work. Uoth smdiou 
friction and cffiarance decrease the cylinder elliciene.y as w.dl a.s the 
volumetric efficiency, but the former cannot be expresscul in terms (d' 



CoMPREsson Design 

230. Capacity, The necessary size of cylinder is calculated much as in 
Art. 190. Let p, v, t, be the pressure, volume, and temperature of dis- 
charged air (-y meaning the volume of air handled per minute), and P, V, T, 
those of the inlet air. Then, since PV -i- T=pv -f- t, the volume drawn 
into the compressor per minute is V =pvT Pt, provided that the air is 
dry at both intake and delivery. If n is the number o£ revolutions per 
minute, and the compressor is double-acting, then, neglecting clearance, 

the piston displacement per stroke is F-f- 2 u = 

This computation of capacity takes no account of volumetric losses. 
In some cases, a rough approximation is made, as described, and . by 
slightly varying the speed of the compressor its capacity is made equal to 
that required. Allowance for clearance may readily be made. Let the 
suction pressure be P, the final pressure the clearance volume at the 

final pressure — - of the piston displacement. Then, if expansion in the 
m 

clearance space follows the law jp7;"= PF”’, the volume of clearance air 
at atmospheric pressure is 




mJ\P. 


of the ]jiston displacement, 
fore write, 

F 


For the displacement above given, we there- 





This may be increased 5 to 10 per cent, to allow for air friction, air 
heating, etc. 


231. Design of Compressor. The following data must be assumed : 

(a) capacity, or piston displacement, 

(b) maximum pressure, 

(c) initial pressure and temperature, 

(d) temp)erature of cooling water, 

(e) gas to be compressed, if other than air. 

Let the compressor deliver 300 cu. ft. of compressed air, measured 
at 70° F., per minute, against 100 lb. gauge pressure, drawing its supply at 



Assiiming for a compressor of this capacity a speed of 80 r. p. m., the 
necessary piston displacement for a double-acting compressor is then 
2640 -r- (2 X 80) = 16.5 cu. ft. per stroke, or for a stroke of 3 ft., the piston 
area would be 792 sq. in. (13). The power expended for any assumed 
compressive path may be calculated as in Art. 190, and if the mechanical 
efficiency be assumed, the power necessary to drive the compressor at 
once follows. The assumption of clearance as 2 per cent must be justified 
in the details of the design. The elevation in temperature of the air may 
be calculated as in Art. 185, and the necessary amount of cooling water 
as in Art. 203, the exponents of the curves being assumed. 


232 . Two-stage Compressor. Trom Art. 211 we may establish an inter- 
mediate pressure stage. This leads to a new correction for clearance, and 
to a smaller loss of cajjacity due to air healing. Using these new values, 
we calculate the size of the first-stage cylinder. For the second stage, the 
maximum volume may be calculated on the basis that intercooling is com- 
plete, Avhence the cylinder volumes are inversely proportional to the suc- 
tion pressures. Tlie clearance correction will be found to be the same as 
in the low-pressure cylinder. The capacity, temperature rise, water con- 
sumption, power consumption, etc., are computed as before. A considera- 
ble saving in power follows the change to two stages. 


233 . Problem. Find the cylinder dimensions and power consumption of a 
double-acting single-stage air compressor to deliver 4000 cu. ft. of free air per 

minute at 100 lb. gauge pre.s- 
sure at 80 r. p. m., the intake 
air being at 13.7 lb. absolute 
pressure, the piston speed 
640 ft. per minute, clearance 
4 per cent, and the clearance- 
expansion and compression 
curves following the law 
PF’"'‘“ = c. 

Lay off the di.stance (777, 
Fig. S4, to represent the (un- 
known) displacement of the 
piston, which we will call D. 
Since the clearance is 4 per cent, lay off GZ = 0.04 D, determining ZP as a 
coordinate axis. Draw the lines TU, VIV, YX, rei^reseiiting the ab.solute pres- 
sures indicated. The compression curve' CE may now be drawn through C, and 




P^T-'V-35= or V^ = 

P^TV-3^' = PcTV- 3- or Vj> = 


Pa 

Ho 

Pn 


Vc = 


Vo = 


l.‘3.7 

114.7 

ni4.7 
V 14.7 


m\0''^4 
14.7, 


1.04 P= 0.2158 P. 


0.04 P = 0.1829 A 


1.04 P= 0.9872 JD. 


But2lP= Vji— F^ = 0.8043 P is the volime of free air drawn into the cylinder: 

is tlie volumetric efficiency:* to compress 4000 cu. ft. of free air per 
minute tlie piston displacement must then be 4000-^0.8043 = 457.? cu. ft. per minute. 
Since the compreSvSor is double-acting, the neces.sary cylinder area is the quotient 
of displacement by piston speed or 4073 -^040, giving 7.77 sq. ft., or (neglecting 
the loss of area due to the piston rod), the cylinder diameter is 37.60 in. From the 
conditions of the problem, tlie stroke is 040 -i- (2 x 80) = 4 ft. 

For the power consumption, we have 

W = GDEF -p FE CH - JICII ~ GDIJ 


PE{Vj,-Vn)^- 


PbV e ~ PcVo 
0.35 


P/(F,- F,)-i 


Pi,Vn - PiVi 


0,35 


= l«r>r(U4.7 x 0.1758) + 

L 0.3o 

_(13.7 X 0.8473) 

0.35 J 

= 144 P[20.1G + 30.01 - 11.01 - 5..59] = 144 P x 32.07. 

This is tlie work for a piston displacement = P cubic feet. If we take P at 4973 
per minute, the horse power 
consumed in compression is 
144 X 32..07 X 4073 


33000 


= 715. 


234 . Design of a Two- 
stage Machine. With condi- 
tions as in the preceding, con- 
sider a two-stage conqiiressor 
witli complete intercooling and 
a uniform friction of one pound 
between the stages. Here the 
combined diagrams ajipear as 
in Fig. 85. For economy of 
power, the intermediate 2 ’i'es- 



Fig. SD. Art. 234. — Design of Two-stage Compressor. 


*This is not quite corroet, because tlic air at B is not “free” air, i.e., air at 
atiuo.spheric temperature. TTiere i.s a slight rise in teiiiiieraturc between G and B. 


Tj i.au — 

Jr qy Q ^ J U 




Vii=^ 


i.m u-K) A tK)i ur 


= P^F^i-35 or Fy = Vp = f ■','!: V- B-=()X)mA I). 


.P 


\ l:i.7V 


/p\ 0.74 /-l.() M \'l-'i'l 

7^1.35 = p^py.ss or 7^^ ^ ( j] 7 j 0-04 i?-().()«412 D. 


P^F^^'35 = P^F^^-35 or Vs 


Pa> 
PnV-'P 


Pj, 


M.7 


0.74 


1.04P-().9S7/;. 


The volumetric efficienc/i is AB~D = (Vji— Fi) -:-/? rr ().!).S7 — O.OH 1 12 ^ O.'io^SH. 
The piston dirplucemcnt ])pr iniiinta is V)[)i) -r {)JH)-] — 4//:lf). 'I’Ik'. jiisloii diuiiifl.iT 

is V(44-‘iU -r 640) X 144 -r 0.787)4 —3o.G in. for a stroke (»[ 040 •.- (2 x 80) J't. 
The power consumptip'", for this first .stage is, 

P aPn — Pnhn p /rr r-- . PpVi. /’yl’y 

^ J /ft ' rr — I y ) — 


W^Po{Va- Vr) + - 


n — 1 


/; - 1 


: [40.14(0.4701 - 0.04) + 

^ O.o!) 


- 13.7(1.04 - 0.0880)- )-- 0.3.7_x_o.()SS(i) 

O.Oi) 


11! D 


= 2348.64 D foot-pounds or 10,404,475 footrpouiuls per luiniite, (.‘([uivaleut to 
315,3 horse power. 

Second Stage 

Complete intercooling means that at the beginning of eonipression in tlie sec- 
ond stage the temperature of the air will be as in the first stage, 70" K. The 


volume at this point will then be = [/t Ig/ = 1 .0 1 I> : ().;;i; 1 D. \l'e tlms 


locate the point Z, Fig. 85, and complete the diagram Zt’kH, malcing ■ O.Ol 
( 1'^ — 1 7i) —0.014 D, Pc=Ps = 114.7, P/ = Pz = 30.14, and eoni]))iti' an follown: 


P^Fa'^. 35 ^ p^ 7^1.85 or 7^. ^ 


30.1 


10.1 1 


0.361 Z> :- 0.3.571 D. 


PcTV-=“=P.F,i-« 6 or = = 


\11 1.7 


0.:!61 /)- 0.1612/). 


W-3= = P^F/-«^5 or Fa= IV= /llliiV'- 


\10.1 1/ 


0.014/4 = 0.030.5 2). 


P/T7'«® = PaF^i->* 5 or Fr= f F,, o. 


Pi 


30.14/ 


0.014 /) = 0.031 1 /). 


* Note that ~ 


will nil rrnil.-( 


p,_,-p-) very nearly; so that 


F;,; ; . 

Ffj~ Ih = 0 'pnixinia,ti()u 


the cylinder diameter is ^/[(O.So i> = 1550) 4-640]X14:4:-T-0.7854=;gi.(95 in. The 
■power consimiption for this stage is 


W = 


lUD 

33000 


(114.7X0.1502) + ' 


(114.7X0.1642) -(39.14X0.364) 
0.35 


-(39.14X0.3329)- ^^^— 

0.35 J 

—316.5 horse power. 

The total horse power for the two-stage compressor is then 631. S and (within 
the limit of the error of computation) the work is equally divided between the stages. 


235. Comparisons. We note, then, that in two-stage compression, the saving 

715—632 

in power is — yj - g - - = 0.12 of the i:)ower expended in single-stage compression; 

that the low-pressure cylinder of the two-stage machine is somewhat smaller than 
the cyhnder of the single-stage com])ressor; and that, in the two-stage machine, 
the cylinder areas are {appro.tiinately) inversely proportional to the suction pressures. 
The amount of cooling wai,er required will be found to bo several times that neces- 
sary in the single-stage compressor. 

236. Power Plant Applications. On account of the ease of solution of air in 
water, the boiler feed and injection waters in a power plant always carry a con- 
siderable quantity of air with them. The vacuum pump employed in connection 
with a condenser i.s intended to remove this air as well as the water. It is esti- 
mated that the waters ordinarily contain about 20 times their volume of air at 
atmospheric ]n’csHure. The pumj) must be of size sufficient to handle this air 
when expanded to the pressure in the condenser. Its cycle is precisely that of any 
air compressor, the suction stroke being at condenser pre.ssure and the discharge 
stroke at atmospheric pressure. The water present acts to reduce the value of the 
exponent n, thus permitting of fair economy. 


237. Dry Vacuum Pumps. In some modern forms of high vacuum apparatus, 
the air and water are removed from the condenser by separate pumps. The 
amount of air to be handled cannot be computed from the pres.sure and tempera- 
ture directly, because of the water vapor with which it is saturated. From Dal- 
ton’s law, and by noting the temperature and pressure in the condenser, the pressure 
of the air, separately considered, may be computed. Then the volume of air, cal- 
culated as in Art. 236, must be reduced to the condenser temperature and pressure, 
and the pump made suitable for handling this volume (14) . 


COMMEECIAL TyPES OF CoMPEESSING MaCHINEEY 

238. Classification of Compressors. Air compre,ssors are classified according 
to the number of stages, the type of frame, the kind of valves, the method of 
driving, etc. Steam-driven compressors are usually mounted as one unit with the 
fitemn nnfl ti. KniiTlp nriDimnn flv wheel. E.eo'iihi.tinn IS n.siiallv effected bv 
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to discharge into the atmosphere whenever the pipe lines are fully supplied. In 
air lift practice, a constant speed is sometimes desired, irrespective of the load. 

In the “variable volume” type of machine, the delivery of the compressor is 
varied by closing the suction valve before tlie completion of the suction stroke. 
The air in the cylinder then expands below atmospheric pressure. 

239 . Standard Forms. The ordinary small compressor is a single-stage 
machine, with imppet air valves on the sides of the cylinder. The frame is of the 
“fork” pattern, with bored guides, or of the “ duy)lex” type, with two single-, stag(>, 
cylinders. These machines maybe either steam or belt driven. The “straight 
line ” compressors differ from the duplex in having all of the cylinders in one 
straight line, regardless of their number. 

For high-grade service, in large units, the standard form is the cross-compound 
two-stage machine, the low-pressure steam and air cylinders being located tandem 
beside the high-pressure cylinders, and the air cylinders being outboard, as in 
Fig. 8G. Ordinary standard machines of this class are built in capacities ranging 
up to 6000 cu. ft. of free air per minute. The other machines are usually con- 
structed only in smaller sizes, ranging down to as small as 100 cu. ft. per minute. 

Some progress has been made in the development of rotary compi’cssors for 
direct driving by 
steam turbines. The 
efficiency is fully as 
high as that of an 
ordinary reciprocat- 
ing compressor, and 
the mechanical losses 
are much less. A 
paper by Rice {Jour. 

A. S. M. E. xxxiii, 

3) describes a 6-stage 
turbo - machine at 
1650 r. p. m., direct- 
connected to a 4- 
stage steam turbine. 

With the low dis- 
charge p r e s- 
sure (15 lb. 
gauge), num- 
erous stages 87 _ 240. — Sommeiller Hydraulic Piston Compressor, 

and intercool- 
ers, compression is practically isothermal. 
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Fig. 88. Art. 240. — Variable Di.scliariro Prossuri! linlicalor 1 )i:i};r;mis, Siiiiunrillcr 

Conipre.s.sor. 


limited extent in Europe, tlie large vnluuu'. of water prest'iit giving el'ieelivv emd 
ing. It cannot be operated at high .speeds, nil aeeniiiit nf the iiierlia nf llu 
water. 


The Leavitt hydraulic piston coiiipre.ssor at tliii (ialiiiiiet and Ileehi, enpiiei 
mines, Jlichigan, has double-acting cyruid(M\s flO by 12 in,, and runs al L'.'i revnlir 


tions per minute, a comparatively 
high speed. The value of n from the 
card shown in Fig. SO i.s 1.28. 

24 : 1 . Taylor Hydraulic Compressor. 
Water is conducted through a vertical 
shaft at the necessary head (2.;') ft. per 
pound pressure) to a separating chain- 





aome, locatea so tnat tne water nows downward around the inner circumterence 
of the cylinder. The dome is so made that the water alternately contracts and 
expands during its passage, producing a partial vacuum, by means of which air is 
drawn in thi'ough numerous small pipes. The air is compressed at the tempera- 
ture of the water while descending the shaft. The separating chamber is so 
large as to permit of separation of the air under an inverted bell, from which it is 
led by a pipe. The efficiency, as compared with that theoretically possible in 
isothermal compression, is 0.60 to 0.70, some air being always carried away in 
solution. The initial cost is high, and the system can be installed only where 
a head of water is available. Figure 90 illustrates the device (15). The head of 
water must be at least equal to that corresponding to the pre.ssure of air. 

The “cycle” of this type of compressor may be regarded as made up of two 
constant pressure paths and an isothermal, there being no clearance and no “valve 
friction.” 

242 . Details of Construction. The standard form of cylmderiov large machines 
is a two-piece casting, the working barrel being separate from the jacket, so that 
the former may be a good wearing metal and may be quite readily removable. 
Access to the jacket space is provided through boltholes. 

On the smaller compressors, the poppet type of valve is frequently used for both 
inlet and discharge (Fig. 91). It is usually considered best to place these valves 



Fig. 91. Art. 242. — Compressor Cylinder with Poppet Valves. 



SUCTION 

Fig. 92. Art. 242. — Compressor Cylimlor witli Rookiii;' Inlet 
Yalves. (flayton Air Conipru.s.sor Y’oi'ks.) 


(‘iii|)li).V('(l, llii'.s(^ hciiij.'; 
rocking' cylitidi'icnl v.'iIvch 
riiiuiine; cntsHwiso. As in 
.si ('all) ('iiKiiicH, l.licy an' .so 
(li'i\'('ii iVoiii an ('('(S'lil.i'ic 
and wrist |ilalo as lo ;:^iv(‘ 
ra])id oponinjn' and closinu; 
nl! llin port, witli a, ('oin- 
]iaral ivoly slow inli'rvi'ii- 
iipi’' inovi'inont. 'I'lii'y aro 
not siiilidiln For nso as 
disi'liari^'i'. valvi's in .sin!.;ii'- 
stiiyn noiipiri'ssors, or in 
till'. ]d,!j;'li-]>n'ssnri' I'ylin- 
di'rs oF innll i-slni^’i^ coin- 
])n'ssors, as tln'y la'i'onii^ 
Fully o()('n loo lido in tlio 
si.rolni to give a sulli- 
('.iontly Froo d isoliar.i^a'. 
In I’ij;'. !)!) ('orliss valvos 
aro n.sod For liotli, inli't 
and d isoliai’!;')'. 'I’ln^ 
anxiliary ]Mipiii't sliown 
is us('d as a saFi'ty valvo. 



Fig. 93. Art. 242. — Compressor Cylinder with Corliss Yalv('.s. (Alli.s-Clnilnu'rs ( 




A gear sometimes used consists of Corliss inlet valves and mechanically operated 
discharge valves, which latter, though expensive, are free from the disadvantages 
sometimes experienced with poppet valves. The closing only of these valves is 
mechanically controlled. Their opening is automatic. 

A common rule for jn-oportioning valves and passages is that the average velocity 
of the air must not exceed 6000 ft. per minute. 


CoMPREssrtD Ant Traxsmlssiox 

243. Transmissive Losses. The air falls in temperature and pressure in the 
pipe line. The fall in temperature leads to a decrea.se in volume, which is further 
reduced by the conden.sation of water vapor ; the fall in pre.ssure tends to increase 
the volume. Early experiments at IMont (lenis led to the empirical formula 
F = 0.0000093G (n'-^Z -s- d), for a loss of pressure ]<' in a pi^ie d inches in diameter, 
I ft. long, in which the velocity is n feet per second (10). 

In the Paris distributing sy.stem, the main pipe was 300 mm. in diameter, and 
about f in. thick, of plain end cast iron lengths connected with rubber ga.skets. 
It w^as laid partly under streets and sidewalks, and partly in sewers, involving the 
use of many bends. There were numerous drainage boxes, valves, etc., causing 
resistance to the flow; yet the loss of pressure ranged only from 3.7 to 5.1 lb., the 
average loss at 3 miles distance being about 1.4 lb., these figures of course including 
leakage. The percentage of air lost by leakage was ascertained to vary from 0.38 
to 1.05, including air consiuned by some .small motors which were unintentionally 
kept running while the measurements were triade. This loss would of coarse be 
proportionately much greater when the load was light. 


244. Unwin’s Formula. Umvin’s formula for terminal pressure after long 
transmission is commonly employed in calculations for pipe lines (17). It is, 



430 7’(iJ ’ 


in which p = terminal pressure in pounds per square inch, 

P — initial pressure in pounds per square inch, 
f = au experimental coefficient, 
n = velocity of air in feet per second, 

L — length of pipe in feet, 
d = diameter of (circular) pijre in feet, 

T = absolute temperature of the air, F°. 

A simple method of determiuing/is to measure the fall of pressure under known 
conditions of P, u, T, L, and d, and apply the above formula. Unwin has in this 
way rationalized the results of Riedler’s experiments on the Paris distributing 



ii smituer sciue, uy oiocKiuper. j'or casMron pipe, a Harmonization oi tnese 
experiments gives /= 0.0027(1 4- 0.3d), d being the diameter of the pipe in feet. 
The values of/ for ordinary vrouglit pipe are probably not widely different. In 
any well-designed plant, the pressure loss may be kept very low. 

245. Storage of Compressed Air. Air i.s sometimes stored at very high pres- 
siu-es for the operation of locomotives, street cars, buoys, etc. An important con- 
sequence of the principle illustrated in Joule’s porou.s plug experiment (Art. 74) 
liere comes into play. It was remarked in Art. 74 that a slight fall of temperature 
occurred during the reduction of j^ressure. This was expressed by Joule by the 
formula 

0.02(^=^j^ 

in which F -was the fall of temperature in degrees Centigrade for a pressure 
drop of 100 inches of mercury when 7’ was the initial absolute temperature 
(Centigrade) of the air. For air at 70° F., this fall is only 1^° F., but when stored 
air at high pressure is expanded through a reducing valve for nse in a motor, the 
pressure cliange is frequently so great that a considerable reduction of tempera- 
ture occurs. The efficiency of the process is very low'; Peabody cites an instance 
(ly) in which with a reservoir of 73 cu. ft. capacity, carrying 4.50 lb. pressure, 
with motors operating at 50 lb. pressure and compression in three stages, the 
maximum computed plant efficiency is only 0.29. An element of danger arises in 
compressed air .storage plants from the 250S3ibility of exjplosion of minute traces 
of oil at the high temperatures produced by compression. 

246. Liquefaction of Air; Linde Process (19). The fall of temperature accom- 
panying a reduction of pressure has been utilized by Linde and others in the 
manufacture of liquid air. Air is compressed to about 2000 lb. joressure in a 
three-stage machine, and then delivered to a cooler. This consists of a double 
tube about 400 ft. long, arranged in a coil. The air from the compressor passes 
through the inner tube to a small orifice at its farther end, where it expands into 
a reservoir, the temperature falling, and returns through the outer tube of the 
cooler hack to the comjn’essor. At each passage, a fall of temperature of aboiit 
37l° C. occui’s. The effect is cumulative, and the air soon reaches a temperature 
at which the pressure will cause it to liquefy (Art. 610). 

247. Refrigeration by Compressed Air. This subject will be more particularly 
considered in a later chapter. The fall of temj^erature accompanying expansion 
in the motor cylinder, with the difficulties which it occasions, have been men- 
tioned in Art. 185. Early in the Paris develop>ment, this di'op of temperature was 
utilized for refrigeration. The exhaiist air was carried through flues to wine 
cellars, where it served for the cooling of their contents, the production of ice, etc. 


aia jxrajLversorgung von fans aurcn urucKLujL, i^enm, isyi, (.iJj rernoiet Air 
Comprim6) is the standard reference on this work. (3) Experiments upon Trans- 
mission, etc. (Idell ed.), 1903, 98. (4) Unwin, op. dt., 18 el seq. (5) Unwin, 

op. dt., 32. (6) Graduating Thesis, Stevens Institute of Technology, 1891. (7) 

Unwin, op. dt., 48. (8) Op. dt., 109. (9) Unwin, op. dt., 48, 49; some of the 

final figures are deduced from Kennedy’s data. (10) Power, Kebruary 23, 1909, 
p. 382, (11) Development and Transmission of Power, 182. (12) Engineering News, 

March 19, 1908, 325. (13) Peabody, Thermodynamics, 1907, 378. (14) Ibid., 

375. (15) Hiscox, Compressed ylir, 1903, 273. (16) Wood, Thermodynamics, 1905, 

306. (17) Transmission by Compressed Air, etc., 68; modified as by Peabody. 
(IS) Thermodynamics, 1907, 393, 394. (19) Zeuner, Technical Thermodynamics 

(Klein); II, 303-313: Trans. A. S. M. E., XXI, 156. 


SYNOPSIS OP CHAPTER IX 

The use of compressed cold air for power engines and pneumatic tools dates from JttfJf?, 


The Air Engine 

The ideal air engine cycle is bounded by two constant pressure lines, one constant 
volume line, and a polytropic. In practice, a constant volume drop also occurs 
after expansion. 

Work formulas : 

pv 4- pv logo — - qV-, pv +^--~ -qV-, pv log„ - ; (pv-PV) ( — 'j • 

V u — i V \// — 1 / 

Preheaters prevent excessive drop of temperature during expansion ; the heat em- 
ployed is not wasted. 

Cylinder volume = 33,000 NBt -f- 2 nUp, ignoring clearance. 

To ensure quiet running, tlie exhaust valve is closed early, the cleai’ance air acting as a 
cu-shion. This modifies the cycle. 

Early closing of the exhaust valve also reduces the. air consumption. 

Actual figures for free air consumption range from 4-00 to 24 OO cu. ft. per Ihp-hv. 


The Compressor 

The cycle differs from that of the engine in having a sharp “ toe” and a complete clear- 
ance expansion curve. 

Economy depends largely on the shape of the compression curve. Close approximation 
to the isothermal, rather than the adiabatic, should be attained, as during expan- 
sion in the engine. This is attempted hy air cooling, Jet and spray injection of 
water, and jacketing. Water requircd=0=lI-i-{S—s). 

Hilicatto be = ^^[ (-^) ~ “ ^] 

unnti.Qtnno nnpvnf.i.mr ■imnrove.s the, comiv'ession curve most notably and is in other 


Minimum xoork, in two-stage cotnpi’ession, is obtained when F- = qp. 


Engine and Compressor Belations 

Cnmpresswe efficicnq/ : ratio of engine work to compressor work ; 0.5 to 0.9. 

Mechanical effirieunj ; ratio of work in cylinder and work at shaft ; 0.80 to 0.90. 

Cylinder effiri(nicy : ratio of ideal diagram area and actual diagram area j 0.70 to 0.90. 

Flant efficiency : ratio of work delivered by air engine to work expended at compressor 
shaft ; 0..J5 to O .40 ; theoretical maximum, 1.00. 

The combined ideal entropy diagram is bounded by two constant pressure cinmes and 
two polytropics. Tlie economy of thorough intercooling with multi-stage operation 
is shown ; as is the importance of a low exponent for the poly tropics. With very 
cold water, the net power consumption might be negative. 


Compressor Capacity 

Volumetric efficiency =ratio of free air drawn in to piston displacement; it is decreased 
by excessive clearance, .s7iction friction, heating during sxiction, and installation at 
high altitudes. Long .stroke compressors have proportionately less clearance. 
Water may be used to fill the clearance space : multi-stage operation makes 
clearance less detrimental ; refrigeration of the entering air increases the volumet- 
ric efficiency. Its value ranges ordinarily from 0.70 to 0.02. Suction friction 
and clearance also decrease the cylinder efjicicncy, as does discharge friction. 


Compressor Design 


'YheoY&Wc&X piston displacement per stroke 


pv T 
2 ntP' 


or including clearance, 


pvT 

2nPt 



to be increased 5 to 10 per cent in practice. 

In a multi-stage compressor with perfect intercooling, the cylinder volumes are inversely 
as the suction pre.‘<sHres. 

Tlie power consnmed in compression may be calculated for any assumed compressive 
path. 

A typical problem shows a saving of 1:2 per cent by two-.stage comin’ession. 

The vacuum pump" used with a condenser is an air compressor. 


Commercial Types of Compressing Machinery 

Classification is hy number of stages, type ot frame or valves, or method of driving. 
Governing is accomplished hy changing the speed, the suction, or the discharge pre.ssure. 
Commercial types include the single, duplex, straight line ami cross-compound two-stage 
forms, the last having cajiacities up to 6000 cu. ft. per minute. Some progress has 
been made with turbo-compressors. 


Poppet, mechanical inlet, Corliss, aucl mechanical discharrje valves are used. 

Compressed Air Transmission 
Loss iu pressure = 0.0000093G)i2i-^(j. 

In Paris, the total loss iu 3 miles, including leakage, Avas 4.4 lb. ; the percentage of leak- 
age Avas 0.3S to 1.05, including air unintentionally suiAplied to consumers. 

U mo in' s formula ; Mean value of /=0.0029. /=0. 0027(1-1-0. Sd). 

( ^73 7\ 2 

litored high pressure air may be used for driving motors, birt the. efficiency is low. 

The fall of temperature induced by throttling may be used cumulatively to liquefy air. 
The fall of temperature accompanying expansion in the engine may be employed for 
refrigeration. 

PROBLEMS 

1. An air engine works betAV'ccu pressures of ISO lb. and 15 lb. per square inch, 
absolute. Find the work done per cycle Avith adiabatic expansion from r = 1 to Y=-\, 
ignoring clearance. By AAdiat percentage aa'ouUI the Avork be increased if the expajision- 
curve AA^ere PV^-iz^c ? (Mjw., 44,S00 ft. lb; 4.3 %.) 

2. The expansion curve is PFi-^ = c, the pressure ratio during expansion 7: 1, the 
initial temperature 100° F. Find the temperature after expansion. To Avhat tempera- 
ture must the entering air be heated if the llnal temperature is to be kept above 32° F. ? 

(Mils., -103° F.; 310° F.) 

3 . Find the cylinder dimensions for a doitbl e-acting 100 lip. air engine with clear- 
ance 4 per cent, the exhaust pressure being 15 lb. absolute, the engine making 200 
r. p, m., the expansion and compression curves being PV'^-'^^ — c, and the air beinl; 
received at 160 lb. absolute pressure. Compression is carried to the maximum pres- 
sure, and the piston sjjeed is 400 ft. per minute. A 10-lb. drop of pressure occurs at 
the end of expansion. (AIIoav a 10 per cent margin over the theoretical piston dis- 
placement.) (yi?is., 13.85 ins. by 12.0 ins.) 

4. Estimate the free air consumption per Ihp.-hr. in the engine of Problem 3. 

{Ans., 612 cu. ft.) 

5. A hydrogen compressor receives its supply at 70° F. and atmosi)heric pressure, 
and discharges it at 100 lb. gauge pressure. Find the temperature of discharge, if tlie 
compression curve is PV^-^^—c. {Ans., 412° F.) 

6. In Problem 5, what is the percentage of xioAver wasted as compared Avith iso- 
thermal compression, tlie cycles being like CHAT), Fig. 57? 

7, In Problem 3, the initial temperature of the expanding air being 100° F., Ibid 
Avhat cpxaiitity of heat must have been ad<led during expansion to make tlie path 
pyi.zs — c, rather than an adiabatic. Assuming this to be added by a Avater jacket, the 
water cooling through a range of 70°, find the weight of Avater circulated per minute, 

8. Find the receiver pressures for minimum Avork in tAvo and four-stage compres- 
sion of atmospheric air to gauge pressures of 100, 125, 150, and 200 lb. 

9. What is the minimum Avork expenditure in the cycle compressing free air at 
70° F. to 100 lb. gauge pressure, per pound of air, along a path PFt35 = c, clearance 


en-iue cylinders. Compare with the entropy dia!,n".un fur mliahatm paths and ’*• 

intercuolin- and such preheating as to iceep tlie temperature of tlie cmliaust al m )ve d2 I< . 

12. Find tlie cylinder dimen, sions and theoretical power e.onsuniptiun nl a singh^- 
acting .singlc-.stage air compressor to ileliver SOOO eu. ft. of liei. .lii jn i niiniih 
ISO lb. ah.sohite prc.ssurc at 00 r.p. m., the intake air being at 12.0 lb. absohO.o press- 
ure, the piston .speed CfO ft. per minute, clearance 2 per emit, and the ex\)a.nsion and 
compre.ssion curves following the law P] i.’Orrc. (vivas., SO by (tl in.) 

13. IVith conditions as in Problem 12, lind the (^ylinder dimensions ami imwm- 
consumption if compre.ssion is in two stages, intereooling is perlisd., and - lb. ol lin.- 
tion lo.ss occurs between tlie stages, (vla.s., 74 by 2S by Of in.) 

14. The cooling water rising from (iS° F. to 89° F. in temperature, in Art.. 2.).v, 
find the water con.suinptiou in gallons per nniiute. 


15. Find the water consumption for jackets and intereooling in Art. bill, the rango 
of temperature of the water being from 47° to 08° li’. 

16. Find the cylinder volume of a xmnip to maintain 20" vacuum when junnping 
moll), of air per hour, the initial temperature of tlio air l)e.ing 110" F., eompre.ssion 


and expansion curves PV^--^ = c, clearance 0 per eenl.., and tiie pump lia.ving I wo 
double-acting cylbidcrs.. The .speed is GO r. p. m. Pipe friction may he ignoivd. 

17. Compare the Riedler and Gutermntli formula for /(Art. 214) with linwin’s 
values. What apparent eoutradietion is noticeable in the variation of / willi il 1’ 

18. In a compressed air locomotive, the air is stored at 2000 11). pressure ami de- 
livered to the motor at 100 lb. Find the temperature of tlie a.ir delivereil to llio 
motor if that of the air in the reservoir is 80° P., assiuniiig that, the value of P (.\rt. 
24.5) is directly proportional to the pressure drop. 

19. With isothermal curves aud no frietiou, trausmissiou loss, or elearunee, wind, 
would he the combined efflciency from compressor to motor of an air storage .sysli-m 
in which the storage pre.s.sure was 450 Ih. and the. motor pri‘,^.snre 50 Ih.'.' 'The lein- 
j)erature of the air is 80° F. at the motor redueiug valve. (A.ssnme. tlnit I he foi'Ujnla in 
Art. 245 hold.s, and that the temperature drop is a direct funetioii of tlie pres.snre di’op.) 

20. Find by the Jlont Ceuis formula, tlie, loss of pressure, iu a I2-in. pil'e. 2 miles 
long in which the air velocity is 22 ft. per .second. ('ompa,re with Ibiwin's formula,, 
using tlie Kieiller and Gutermntli value for/, a.ssumiiig /' = 8(), 7'-= 70° F, 

21. Find the free, air consumption per flip. -hr. if tlie aetioii of Ihe engine in .\rl. 
190 is modilied as suggested iu Art. 191. 

22. Find under Avhat initial pres.sure coiiditiou, iu Art. 1.82, an oiiliml, of 1.27 
Ilip. ma,y tlieoretically he obtained from 8S)0 cn. ft. of free air pei' Inmi’, llo' e.xlmnst 
pressure being tliat of tin; atnio.spliere, and tlic expansive, pal.li lieing (n) isol liei'inal, 
(b) adiabatic. (Aa.s., (a), 50 lb. alisolute.) 

23. A compressor le.u’ing a capacity of .500 cn. Ft. of free air iiei' minute ( /i- . 14.7, 
t = i0 } is lei^uired to iill a 700 cu. ft. taiilc at a pressure of 2500 lb. pe\’ sijuare iindi. 

How long will tliis require, if the temperature ill the l.aiik is 140° at tlie end of tlm 

operation, and tlie diseliarge pressure is eonst.ant? 

24. Ill 1 loijiem 10, ■\\iiat is the tlieoretieal miiiiniimi ainoinit. ol jiower tliat miglii. 
he tonsumed, with iio elearauee and uo abstraction ol lieal, during eoiupressioii? Ilow 

/Iriuc iliic r»mviT\n i«(i ttfifl* i. ? • . i . , 


HUT-AiK 


248. General Considerations. From a technical standpoint, the class of 
air engines includes all heat motors using any permanent gas as a working 
substance. For convenience, those engines in which the fuel is ignited 
inside the cylinder are separately discussed, as internal combustio?i or gas 
engines (Chapter XI). The air engine proper is an external comhustion 
engine, although in some types the products of combustion do actually 
enter the cylinder; a point of mechanical disadvantage, since the corro- 
sive and gritty gases produce rapid wear and leakage. The air engine 
employs, usually, a constant mass of working substance, i.e., the same 
body of air is alternately heated and cooled, none being discharged from 
the cyhnder and no fresh supply being brought in; though this is not 
always the case. Such an engine is called a “ closed ” engine. Any 
fuel may be employed; the engines require little attention; there is 
no danger of explosion. 

Modern improvements on the original Stirling and Ericsson forms of 
air engine, while reducing the objections to those types, and giving 
excellent results in fuel economy, are, nevertheless, limited in their 
application to small capacities, as for domestic pumping service. The 
recent development of the gas engine (Chapter XI) has further served 
to minimize the importance of the hot-air cycle. 

In air, or any perfect gas, the temperature may be varied independ- 
ently of the pressure ; consequently, the limitation referred to in Art. 143 
as applicable to steam engines does not necessarily apply to air engines, 
which may work at much higher initial temperatures than any steam en- 
gine, their potential efficiency being consequently much greater. When 
a specific cycle is prescribed, how^ever, as we shall immediately find, pres- 
sure limits may become of importance. 

249. Capacity. One objection to the air engine arises from the ex- 
tremely slow transmission of heat through metal surfaces to dry gases. 
This is partially overcome in various ways, but the still serious objection 
is the small capacity for a given size. If the Carnot cycle be plotted for 
one pound of air, as in Fig. 94, the enclosed wnrk area is seen to be very 
small, even for a considerable range of pressures. The isothermals and 
adiabatics very nearly coincide. For a given output, therefore, the air en- 
gine must be excessively large at anything like reasonable maximum pres- 
sures. In the Ericsson eimine fArt. 269'), for examide, although the cycle 



sumption^ 1.87 lb. of coal per hp.lir. At the present time, with increased 



.steam pressures and piston speeds, the equivakmt stiaun ent>;ine Ma)ul(l 
be .still .smaller. 


250 Carnot Cycle Air Engine. The efficiency uf tlu^ cv,-l(v shown in 
ffig. 94 has already been computed as {T~l) ~ T (Art. 18r,‘) ddie work 
done per cycle is, from Art. 135, 


TF=-R(riog.|?-nog,kj log. 

Another expression for the work, since 
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This can have a positive value only when 


P,ft 


F. 


— exceeds iinity ; which 


is possible only when 


A 

P. 


exceeds ( y 


Now since Pj and P3 are the 


limiting pressures in the cycle, and since for air ?/ h- ( y — 1) = 3.486, the 
minimum necessary ratio of pressures increases as the 3.486 power of the ratio 
of temperatures.* This alone makes the cycle impracticable. In Tig. 94, 
the pressure range is from 14.7 to 349.7 lb. per scpiare inch, although the 
temperature range is only 100°. 

Besides the two objections thus pointed out — large size for its 
capacity and extreme pressure range for its efficiency — the Carnot engine 
would be distinguished by a high ratio of maximum to average 
pressure; a condition which would make friction losses excessive. 

251. Pol 3 rtropic Cycle. In Fig. 95, let T, t be two isothevmals, eh and f//two 
like polytropic curves, following the law yy” =. c, and ed and hf two other like 
polytropic curves, following the law py™ = c. 

Then ehfd is a polytropic cycle. Let T, (, Pt„ 


be given. Then Tc= T 




tropic Cycle. 


, In the en- 
tropy diagram, 

Fig. 90, locate the 
isothermals t, 

Te. Choose the 
point e at random. 

From Art. Ill, the 
specific heat along 
a path yjy” = c is 

s — I ; and 

from Art. 103, the increase of entropy Avhen the 
specific heat is s, in itassing from e to h, is 

JV = s logu-^. This permits of plotting the cnrve 


■■It 


P. 


V 


has been shown that j . But P^KPi, if a finite work area is to 


P, 


be obtained; hence 

^3 


T, 


The efficiency of the Camot cycle may of course 


eb in successive short steps, in Fig. 90. Along ed, siiuihirly, .Vj = J **'’'*^ 

JV,^=s^loge~ between d and e. We complete the diiigrain by drawing b/ and 

d/, establishing the point of intersection which determines the iempe.rature at./'. 

We find Tf'.TbwTd'. T^- The efficiency is equal t(j or to 

iicojiy 

[nebx + xb/JV — ydfN — nedy'] h- [iiedix + xhfN'] 

__ s{Tj} — Fe) + ■'^1 (Tft — Tf ) — .s'( 'I f — r,i ) ~ — '! d') 

s(Jl\ — '1\) + sffii'b — Tf) 

s(Tf- Zd + s,{ffi~T,d 

+hC-^'b~'^'fy 

the negative sign of the specific heat Ijeing disregarded. 


253. Lorenz Cycle. In Fig. 97 let dy and hh be ,‘idiabatics, and let the. enrv('s 
gb mid dh be polytropics, but unlike, the former having tlie e.xiione.nt and Mm 
latter the exponent q. This constitutes the cycle of Lorenz. We. find tin! tonipura- 



Fig. 97. Arts. 252, 250, Prob. 5.— 
Lorenz Cycle. 



ture at g as in Art. 251, and in the manner just described jOnt the mirvi's yh and 
dh on the entropy diagram. Fig. 98, P„ P„ 'Jffi n and q being given, dy and 
bh of coiu’se appear as vertical straight lines. The efficiency is 

Sn(n - T,) - ^ (Tu^rffi^ 

Sn{ Th — Tg) 


253. Reitlinger Cycle. 


This appears as aiej, Figs. 99 and 100. 


It i.s bounded 


-1 j 


-T- 



Fig. 99. Arts. 2', 3, 25(J.— Eeit- Fig. 100. Arts. 253, 25G, 257, 258^ 

Huger Cycle. 259. — Reitliuger Cycle, Eutropy 

Diagram. 

354:. Joule Engine. An air engine proposed by Ericsson as early as 
1S3M, and revived by Joule and Kelvin in 1851, is shown in Eig. 101. A 
chamber C contains air kept at a low temperature t by means of circulating 
Avater. Another chamber A contains hot air in a state of compression, 
the heat being supplied at a constant temperature T by means of an ex- 
ternal furnace (not shown). 31 is a jiump cylinder by means of which air 



Fig. 101. Arts. 25i, 255, 275. — Joule Air Engine. 


may be delivered from (7 to A, and N is an engine cylinder in which air 
from A may be expanded so as to perform work. The chambers A and C 
are so large in proportion to Jf and N that the pressure of the air in these 
chambers remains j)ractically constant. 



The pump Jl/ takes air from (7, compresses it adiabatically^ niitil its 
pressure equals that in A, then, the valve v being opened, delivers it to A 

at constant pressure. The cycle 
is fdoe, Tig. 102. In this special 
modification of the polytropic 
cycle of Art. 251, fd represents 
the drawing in of the air at con- 
stant pressure, do its adiabatic 
compression, and oe its discharge 
to A. Negative work is done, 
equal to the area fdoe. Concur- 
rently with this operation, hot 
air has been flowing from A to N 
through the valve u, then expand- 
ing adiabatically while m is closed ; finally, when the pressure has fallen 
to that in C, being discharged to the latter chamber, the cycle being ehqf, 
Tig. 102. Fodtive work has been done, and the net positive 'work per- 
formed by the whole apparatus is ehqf — fdoe = ohqd. 

255. Efficiency of Joule Engine. We will limit our attention to the net 
cycle ohqd. The heat absorbed along the constant pressure line oh is 
H^j — k{T— Tf. The heat rejected along qd is Hg^ = k{Tg — t). But 

from Art. 251, = whence, — ~ = ~ , and the efficiency is 

t -to JL -Zy j-0 

Tl,,_ ^ 

, lu t-tI X X 

This is obviously less than the 
efficiency of the Carnot cycle 
between T and t. The entropy 
diagram may be readily draAvn 
as in Tig. 103. The atmos- 
phere may of course take the 
place of the cold chamber C, 
a fresh supply being drawn in 
by the pump at each stroke, and 
the engine cylinder likewise 
discharging its contents to the Cycle, Entropy 




woma ieaa to an excessive amount oi mecnanicai inction. JLiaedome 
engine has never been constructed. 


256. Comparisons. The cycles just described have been grouped 
in a single illustration in Fig, 104. Here we have, between the 
temperature limits T and t, tlie Carnot cycle, abed \ the polytropio 


cycle, dehfi the Lorenz 
cycle, dghh ; that of Reit- 
linger^ aiej \ and that of 
Joule, obqd. These illus- 
trations are lettered to 
correspond with Figs. 
95-100, 102, 103. A 
graphical demonstration 
that the. Carnot cycle is 
the one of maximum 
efficiency suggests itself. 
We now consider the 
most successful attempt 
yet made to evolve a cycle 
having a potential effi- 



ciency equal to that of 


Carnot. 

257. Regenerators. 

By reference to Fig. 100, 
it may be noted that the 
heat areas under aj and 
ic are equal. The heat 
absorbed along the one 
path is precisely equal to 
that rejected along the 
other. This fact does 
not prevent the efficiency 
from being less than that 
of the Carnot cycle, for 

_ iia _ • • j 1 j • _ I 






could be afterward taken up/rom it along io, tluai w(‘, might ignion; 
tills quantity of heat as affecting’ the expression for ofliciieiKiy, and I ho. 
cycle would be as efficient as that of Carnot, d'ho inh’rjtuulutlc hndij 
suggested is called a regenerator. 

258. Action of Regenerators. Invented by Jlobort Stirliiig about bSlO, and 
improved by James Stirling, Ericsson, and Simuens, tlie ])n!H(;nt form of rcgcnci-- 
ator may be regarded as a long pipe, the walls of wbicli bav(i so largo a oa|iiicity 
for heat that the temperature at ana point nntiains practically coiislant. 'I'liroiigh 
this pipe the air flows in one direction winni worhing along ii\ I'ig. 100, and 
in the other direction while working along /a. The air uncounlcrs a gradually 
changing temperature as it traverses the pipe. 

Let hot exhaust air, at i, Fig. 100, be dedivered at oiuj (unl of tlni r(‘g'eiiera(,or. 
Its temperature begins to fall, and continues falling, so that wlnni it ■leaves IIk' 
regenerator its temperature is that at c, nsnally the l;.einpi>ral,nr(\ of tlii\ al.niosi)lier(n 
Tile temperature at the inlet end of the regenerator is then 7', tlnit a t ils out let /. 
During the admission of fresh air, nhugja, it passers tliroiigh tin* regenera.lor in 
the opposite direction, gradually increasing in tninperatun! from i to iril/iont 
appreciabli/ affecting the tempprature of the renenenitor. A.ssmniiig tlie eapaeity of 
tlie regenerator to be unlimited, and that tliere are no lossi's by eoudind.ioii of heat 
to the atmosphere or along the material of tlie ri^gmii'rator itself, tlu' lu'oeoss is 
strictly reversible. We may cause either tlie. volnnie or t.lie ]n'(>ssnre to lie either 
fixed 01 variable according to some dehnite law, during the regmieral ive move- 
ment. Usually, either the pressure or the volume is kept ronslant. 

As actually constructed, the regenerator eonsists of a nniss of thin perforal.ed 
metal sheets, so arranged as not to obstruct the flow of air. Some waste of lumt 
always accompanies the regenerative process; in the. steamer /fr/V.s'.s'un, it, was 10 
per cent of the total heat passing through. Siemens apjiears to have reduced t.lie 
loss to 5 per cent. 

259. Influence on Efficiency. Any cycle lionmU'd liy o, pa.ii- of 
isothermals and a pair of like polytropics (Rcitlingc'r cych’), if worki'd 
with a regenerator, has an efficiency ideally etpial to ilia.l. of llu' 
Carnot cycle. To be sure, the heated air is not all taken in ;it 7\ 
nor all rejected at i; but the heat absorbed from the source is all 
at T, and that rejected to the condenser is all at t. Tiu' i’('g('iu'i’ali\’(' 
operations are mutually compensating changes which do not alh'cl 
the general principle of efficiency under such conditions, h'lu' luad 

naid for IS nnlv fbof imUrn. 1: . • tt 


not otherwise particularly efficient. Their chief advantage is in the large work 
area obtained, which means increased capacity of an engine of given dimensions. 
For highest efficiency, the regenerator must be added. 


260 . The Stirling Engine. This important type of regenerative air engine 
was covered by patents dated 1827 and 1840, by Robert and James Stirling. Its 
action is illustrated in Fig. 1L)5. G is tlie engine 
cylinder, containing the piston H, and receiving 
heated air through the pipe F from the vessel A .4 
in which the air is alternately heated and cooled. 

The vessel AA is made with hollow walls, the inner 
lining being marked aa. The hemispherical lower 
portion of the lining is perforated; while from A A 
up to CO the hollow space constitutes the regener- 
ator, being filled wdth strips of metal or glass. The 
plunger FI fits loosely in the machined inner shell 
aa. This plunger is hollow and filled with some 
non-conducting material. The spaces FF contain 
the condenser, consisting of a coil of small copper 
pipe, through which water is circulated by a sepa- 
rate pump. An air pump discharges into the pipe 
F the necessary guantity of fresh air to compensate 



for any leakage, 'and this is utilized in some cases 


Fig. 105. Arts. 260, 261, 262, 
263, 264. — Stirling Engine. 

to maintain a pressure which is at all stages con- 
siderably choice that of the atmosphere. The furnace is built about the bottom 
ABA of the heating vessel. 


261 . Action of the Engine. Let the plunger E and the piston H be in their 
lowest positions, the air above E being cold. The plunger E is raised, causing 
air to flow from X downward through the regenerator to the space h, while H 
remains motionless. The air takes up heat from the regeneratoi*, increasing its 
temperature, say to T, loldle the volume remains constant. After the plunger has come 
to rest, the piston H is caused to rise by the expansion produced by the absorption 
of heat from the furnace at constant temperature, the air reaching H by passing 
around the loose-fitting plunger E, which I’emains stationary. H now pauses in 
its “up” position, wdiile E is lowered, forcing air through the regenerator from 
the lower space 6 to the upper space A”, this air decreasing in temperature at con- 
stant volume. While E remains in its “down” position, H descends, forcing the 
air to the condenser F, the volume decreasing, but the temperature remaining con- 
stant at t. The cycle is thus completed. 

rp'Ui-x rt i -n li r. n /-^ -Pz-vm* rtll O 1 fV/LlC* • /f\ I'nnVOQC'a TWO O CJIT VD 


(sometimes called the “ displacer piston’ j do not move at the same, lime.; one is 
always nearly stationary, atmr near the end of its slroke, wliile tlie, oilier moves. 
In practice, uniform rotative speed is secured hy modify ii 1,4' iliese eoiiditions, so 
that the actual cycle merely approximates that descrilied. 'I'he, vessel .1.1 is 
sometimes referred to as the “receiver. ’ It is ohvioiis that a eeilaiii le.sidiml 
quantity of air is at all times contained in the .sjiaees ln'tween the pisloii II and 
tlie plunger E. This does not pass through tlie regenerator, noi’ is it at any 1inie. 
subjected to the heat of the furnace. It serves nnn-ely as a medinni for transmit- 
ting pressure from the “working air” to //; and in eoniradisi inel.ioii In llial. 
working .substance, it is called “ cushion air.” lleing at all times in eommuniea- 
tion with the condenser, its temperature, is eausUiuthj (dose to the uiiiamuiii attaiiieil iii 
the cycle. This is an important jioint in facilitating lubrication. 

263 . Forms of the Stirling Engine. In some tyjies, a .separaie ]iipe is carried 
from the lower i}art of the receiver to the working cylinder (I, Fig. Ido. 'This 
removes the necessity for a loo.se-litting plunger; in double-iicting engines, each 
end of the cylinder is connected with the hot (lower) side, of the one ]dunger and 
with the cold (upper) side of the other. In other forms, the regenerator has brnm 
a separate vessel ; in .still other.s, the displacer plungvr itsidf became, the regen- 
erator, being perforated at the top and bottom and lllleil with wire ga,ux.e. 'I’lio 
Laubereau-Scluvartzkopff engine ( 1 ) is identical in principle with the Stirling, 
excepting that the regenerator is omitted. 

The maintenance of high minimum proasuro, as descrilu'd in Art. IhiO, and I he 
low ratio of maximum to average pres.snre, while not neee.ssarily affeel ing the i heo- 
refeical efficiency, greatly increase the capacity, and (since f riel, ion losses are jinveti- 
cally constant) the mechanical efficiency as well. 



volumes is quite differeut. Assume, for example, that the total volume 
of cushion air at maximum pressure (when E is at the top of its stroke 
and H is just beginning to move) is represented by the distance NE, 
Then if AJbe laid off equal to NE, the total volume of air present is NE 
Draw an isothermal EFIIG, representing the path of the cushion air, sep- 
arately considered, while the temperature remains constant. Add its vol- 
umes, PE, ZH, QG, to those of working air, by laying off BK= PF, 
DM=ZH, CL= QG, at various along the stroke. Then the 

cycle IKLM is that actually ex|)erienced by the total air, assuming the 
cushion air to remain at constant temperature throughout (Art. 262). 

The actual indicator diagrams obtained in tests are roughly similar to the 
cycle IKLM, Fig. 100 ; hat the corners are rounded, and otlier distortions may 
appear on account of non-conformity ^Yith the ideal paths, sluggish valve action, 
errors of the indicating instrument, and various other causes. 


265. Efficiency. The heat absorbed from the source along AB, Fig. 
>, is j 
PdVj} log. 


106, is P^Flloge — • That rejected to the condenser along GD is 
V ^ 

The work done is the difference of these two quantities, 


and the efficiency is 


P V loo- p T' If.rr Jfiz 



P V lo^r —H 

A * A -r r 

f A 


T—t 
T ’ 


Losses through the regenerator and by imper- 


that of the Carnot cycle, 
fection of cycle reduce this in ]prac- 
tice. 

266. Entropy Diagram. This is 
given in Fig. 108. T and t are the 
limiting isothermals, DA and BC 
the constant volume curves, along 
each of which the increase of en- 
tropy is n — I log, (T-f- 1), I being the 
specific heat at constant volume. 
The gain of entropy along the iso- 




267. Importance of the Regenerator. “VVitliout tlio regciuiriitov, tiui non- 
reversible Stirling cycle would have an efficiency of 

(C,-A)niogd7- 

^ A 

l(T- 

A 

This is readily computed to be far below that of the corresponding ('a,rnoi; 
cycle. The advantage of the regenerative cycle lies in tin! ntili/.ation ol 
the heat rejected along BG, Fig. lOG, thus cancelling that il.eiii in the 
analysis of the cycle. Another way of utilizing this Insit. is to be 
described; but while practical difficulties, in-obably insurinoimtable, limit 
progress in the application of the air engine on ii c.omnu'rc.ial scale, tin! 
regenerator, upon which has been founded our nn)(h!rn metallurgical in- 
dustries as well, has offered the iirst possible method for the rca,lization 
of the ideal efficiency of Carnot (2). 

268. Trials. As early as 1817, a 50-hp. Stirling nngini', tcsl.nd at the Diu!- 
dee Foundries, ^Yas shown to operate at a thermal e.lliehvmiy (if GO jicr cent, esti- 
mated to be equivalent, considering the rather low faruacc! eHicicncy, to a (!oal con- 
sumption of 1.7 lb. per hp.-hr. This latter result is not oficii snrpiisscd hy llu! aver- 
age steam engines of the present day. Tim friction ]oss(!s in tin! meclnviiisni weri! 
only 11 per cent (G). A test quoted by Peabody (t) giv('s a coal I'alt! of l.Oi! 11). , 
but with a friction lo.ss much greater, — about GO iiiir cent. 'I’hen! is no (luestlon 
as to the high efficiency of the regenerative air engine. 

269. Ericsson’s Hot-air Engine. In ISGG, Ericsson constru(!te(l an misn(!(!CHS- 
ful liot-air engine in London. About ISo.l, lie built I, lie .sbiaincr /'Jn'cssmi, of ‘J'JOO 
tons, driven by four immense iiot-air engines. After tlic aliaiulomneiit of tliis 
experiment, the same designer in 1875 introduced a tliird typo of eiigiiu', and inorc 
recently still, a small pumping engine, which has luicii extensively ai)])lic(l. 

TIk! princi])le of tin.! engine of 
1855 is illiistrat(!il in Fig. 111!), li is 
the receiver, .1 tiii! displiicer, II tin! 
furnace. 'I'lie disjilaci'r . 1 his ioosidy 
in B (ixeepting near its ujijier jMirtion, 
where tiglit conl;ict is insured l)y 
means of packing rings. 'I'ln! lower 
portion of A is liollow, :ui(l lillisl 
witli a non-conduel.or. 'I'he lioles 
aa admit aii‘ to tlie n])p('r siirfius! 
of A. I) is tin! eonipressing ])unip, 



The control valves, worked from the engine mechanism, are at h and /. When 
h is ope.ned, air passes from F tlirongh (I to 7i, raising A. Closing of h at part 
completion of the stroke causes the air to work expansively for the remainder of 
the sti'olfc. During the return stroke of A , air passes thi-ough G, f, and g to the 
atmosphere. 


270. Graphical Illustration. The PF diagi-am is given in Fig. 110. EPA'F 
is the ne.t work, diagram, AF>CD being the diagram of the engine cylinder, AEFD 
that of the ])ump cylinder. Beginning witli A in its lowest position, the state point 
in Fig. 110 is, for tlie engine (lower side of ^1), at 
..•1, and for the pump (upper side of C), at F. 

During about half tin; up stroke, the path in the 
engine is yl />’, air passing to ,71 from the i-e- 
gmun-ator through ,s‘, and being kept at constant 
pressure by tlie Inait from tlie furnace. During 
tlu', s(‘Cond half of this stroke, tlu'. su^gOy of air 
from the. r(!g(merator c<!as(^s, and tin; pressure falls 
rapidly as expansion occurs, but the heat im- 
parte.d from the furnace keeps the temperature 
practically constant, giving the isothermal path 
.IU\ IMeanwhile, the pnm]), receiving air at the 
pressure of the alanosphe.re, has been first compressing it isothermally, or as 
m.'arly so as the limitinl amount of cooling surface will permit, along FE, and 
then discharging it tlirongh <i at constant pressure, along EA, to the receiver F. 
On the down stroke, the engine steadily expels the air, now expanded down to 
atmospheric pressure, along tlie constant pressure line CD, wliile the pump simi- 
larly draws in air from the atmosphere at constant pressure along DF. At the end 
of this stroke, the air in F, at the state .1, is admitted to the engine. The ratio of 



Fm. 110. Arts. ‘.170, 272, 27.H.— 
Ericsson Cycle. 


pump volume to engine volume is FD DC, or 


T 





271. Efficiency. Tlie Ericsson cycle be- 
longs to tlie same class as that of Stirling, 
being bounded by two isotliernials and two 
like polytropics ; but the polytropics are in 
this case constant pressure lines instead of 
constant volume lines. The net entropy 
diagram EBCF, .Fig. Ill, is similar to that 
of tlu^ Stirling engine, hut the isodiabatics 
swerve more to the right, since 7c exceeds I, 
while the cfficic'iic.y (if a regenerator is employed) is the same as that 
T-i 



Fi(i. Ill 


, Art. 271. — Ericsson Cycle, 
Entropy Hia^riini. 


sure (EBCF-^ XC, Fig. 110) was only 2,12 lu. llio Inclnou losses worn 
enormous. A small engine of this type tested by the writm' gavt^ a. eon- 
sirmption of 15.64 cu. ft. of gas (652 B. t. u. per eubic foot) yau- Ibp.-br. ; 
equivalent to ITO B. t. u. per llip.-minute ; and sinee 1 bors(! ])ower 
= 30,000 foot-pounds = 33,000 -V- 778 = 42.45 B. t. n. jkm- niinuB', tln^ 
thermodynamic elhciency of the engine was 4-2.45 1.70 = 0.25. 

273. Actual Designs. In order that the lines 7'^(y and I'jlt, 1' ig. 1 bh maybe 
horizontal, the engine .should be triple or quadruple, as in ibi-, shvame.r /'Jrm.s-.smi, in 
which each of the four cylinders had its own cuinpressing yimni), but all W(‘r<‘, con- 
nected with the same receiver, and with a single crank .shalt !it iiil,ervnls ol a 
quarter of a revolution. Syrecimen indicator diagrams are given in 1' igs. 107, 1 12. 



Card from Ericsson Engine. Diagram, Ericsson Engitn^. 

274. Testing Hot-air Engines. It Is difficult to directly i^'d iun!nrnt.(dy nusus- 
nre the limiting temperatures in an air engine test, so thal. a, c.ompnrison of Ihe 
actually attained with the comyinted ideal efficiencies (mnnol; ordimirily be niiulc. 
Actual tests involve the measurement of the fuel sujtyilicd, di'hn-ini-ual.ion of its 
heating value, and of the indicated and effective lior.se jiowiu of tlni ciigiiu'. 
(Art. 4S7). These data permit of computation of the thermal and mmdi.'iiiical 
efficiencies, the latter being of much imymrtance. lu small unit.s, it is .somelinie.s 
as low as 0.50. 

275. The Air Engine as a Heat Motor, In nearly every largo a]q)lication, the 
hot-air engine has been abandoned on account of the rapid burning out of the 
heating surfaces due to their necessarily high teniyiei’ature. Na])i('r and Ivankimi 
(5) ymojyosed an “air heater,” designed to inci'ease the transmissiv(> cIlic.iiMKyv of 
the heating surface. Modern forms of the Stirling or Kricssou (‘ugim's, iu .‘niinll 
unitx, are comparatively free from this ground of objection, 'riioir design iicimiits 
of such amounts of heat-transmitting surface as to give groumls foi' (uxjxMd iiig a 
much less rapid de.striiction of the.se parts. It lias bcmi siigg(>si,(‘(l that oxec.ssive 
bulk may be overcome by iising higher pressures. (Zeuner remarks ((i) that Ihe 
bulk is not excessive when compared with that of a steam engine with ils auxiliary 
boiler and furnace). Rankine has suggested the introduction of a second com- 



)Vonglily cooling the discharged air, else the introduction of “ back pressure ” 
aid reduce the working range of temperatures. The loss of the air by leakage, 
i consequent waste of power, would of course increase with increasing pressures. 

Instead of applying heat externally, as proposed by Joule, in the engine shown 
Fig. 101, there is no reason why the combustion of tlie fuel might not proceed 
diin the hot chamber itself, the necessary air for combustion being supplied by 
i pump. . The dilliculties arising from the slow transmission of heat would thus 
avoided. An early example of such an engine applied in actual practice was 
yley’s (7), later revived by Wenhani (8) and Buckett (9). In such engines, 
j working Iluid, u])on the completion of its cycle, is discharged to the atmos- 
ere. The lowe.r limit of pressure is therefore somewhat high, and for efficiency 
i necessary wide range of temperatures involves a high initial pressure in the 
inder. The internal combustion air engine even in these crude forms may be 
farded as the foreiumner of the modern gas engine. 

(1) Zeuner, To.chnirjil Thermodynamics (Klein), 1907, I, 340. (2) The theoreti- 
basis of regenerator design appears to have been treated solely by Zeuner, op. cif,, 
114-323. (3) lliuikhw.^ The. Steam Engine, lad" , ?A]S. (4) Thermodynamics of the 

‘.am JUnyine, 1907, 302. (5) The, Steam Enyine, 1897, 370. (0) Op. cit., I, 381. 

I N'ichol.snn's Art Journal, 1807 ; 3Iin. Froo. Jn.st. C. E., IX. (8) Proc. Inst, 
'ch. Enij., 1873. (0) Inst. Civ. Eng., Heat Lectures, 1883-1884; Min. Froc. Inst. 

E., 1845, 1864. 


SYNOPSIS OF CHAPTER X 


e hot-air engine proper is an external combustion motor of the ope7i or closed type, 
e temperature of a permanent gas may be varied independently of the pre.ssure; this 
makes the possible efficiency higher than that attainable in vapor engines. 


rpyi.m 


; the Cai'not cycle leads to either excessive pressures or an enormous 


cylinder. 

0 inAyti'opic cycle is bounded by two pairs of isodiabatics. 

e Lorenz (;ycle is bounded by a pair of adiabatics and a pair of unlike polytropics. 

0 lieitlinyer (isodiabatic) cycle is bounded by a pair of isothermals and a pair of 
isodiabatics. 

e Joxcle engine works in a cycle bounded by two constant pressure lines and two 

T„ - t 


adiabatics ; its efficiency is 


To 


0 regenerator is a “fly wdieel for heat.” Any cycle bounded by a pair of iso- 
thermals and a pair of like polytropics, if worked with a regenerator, has an ideal 
efficiency equal to that of the Camiot cycle; the heat rejected along one polytropic 
is absorbed by the regenerator, which iir turn emits it along the other polytropic, 
the operation being subject to slight losses in practice. 


IGO APPLIED THERMODYNAMKLS 

By designing as “closed” engines, tlio inininuini pressure may he raised and Vhe 
capacity of the cylinder increased. 

The air engine is unsatisfactory in large sizes on account of the rapid hurning out ui 
the heating sui’faces and the small capacity for a given hulk. 


PROBLEMS 


(Note. Considerahle accuracy in computation will he found necessary in solving Proh- 
lems 4(1 and 5). 

1. How much greater is tlie ideal eiliciency of an air engine working Ixitween t.eni- 
perature limits of 2900° P, and G00° F. than that of the steam engine do-scriliml in Prob- 
lem 5, Chapter VI ? 

2. Plot to scale (1 inch = 2 cu. ft. = 40 Ih. per square inch) the VV Carnot eyc.lo 
for T= 000°, J = 500° (both absolute) the lowest pressure being 11.7 lit. per stiuaiat 
inch, the suhstance being one pound of air, and the volume ratio during isothenual 
expansion being 12, G. 

3. In Problem 2, if the upper isothermal ho made 700° absolute, what will be tlie 
maximum pressure ? 


4 a. Plot the entropy diagram, and find the efficiency, of a polytropic cyc-ht for air 
between 000° F. and 600° F., in wliieh m = 1.3, ?! = — 1.3, the pressnrtj at d (h’ig. *96) 
is 18 lb. per square inch, and the pressure at e (Fig. 96) is 22 lb. p(tr stpiare iindi. 

4 1). In Art. 251, prove tliat Tf. 7), Tc, and also that .Pa : P,. : : 7/ : .Pi,, 

5. Plot the entropy diagram, and find tlie effleieuey, of a Fiorenz cyi'd' f'O’ 
between G00° F. and 500° F., in which n = — 1.3, q = 0.4, the highest pressure being 
80 lb. per square inch and the temperature at ij, Fig. 97, being 560'' l'\ 

6. Plot the entropy diagram, and find the eiliciency, of a Reitlinger cycle between 
G00° F. and 500° F., when n = 1.3, the maximum pre.ssure is 80 Ih. per S(iuare iiie.h, llie 
ratio of volumes during isothermal expansion 12, and the working suhstanee one 
pound of air. 

7. Show that in the Joule engine the efficiency is -- Art. 256. 

8. Plot the entropy diagram, and find the efficiency, of a Joule air engine, working 
between G00° F. and — 200° F., the maximum pri'ssure being 100 lli. jnu’ sipiare ineh, 
the ratio of volumes during adiabatic expansion 2, and the wciglit of substance 2 lb. 


9. Plot PKand A^T diagrams for one pound of air worked betwemi 3000" F. and 
400° F. : («) in the Carnot cycle, (h) in the Eric.s.son cycle, (e) in tin; Stirling cycle, the 
extreme pressure range being from 50 to 2000 lb. per square inch. 

10. Find the efficiencies of the various cycles in Problem 9, wit, bout regenerators. 

11. Compare the efficiencies in Problems 4 a, 5, and (i, with that of the corre.spoml- 


14. In Art. 268, assuming that the coal used in the Dundee foundries contained 
14,000 B. t. u. per pound, what was the probable furnace efficiency? In the Peabody 
test, if the furnace efficiency was 80 per cent, and the coal contained 14,000 B. t. u., 
what was the thermal efficiency of the engine ? 

15. What was the efficiency of the plant in the steamer Ericsson ? 

16. Sketch the TJST and PV diagrams, within the same temperature and entropy 
limits, of all of the cycles discussed in this chapter, with the exception of that of Joule. 
Why cannot the Joule and Ericsson cycles be drawn between the same limits? Show 
graphically that in no case does the efficiency equal that of the Carnot cycle. 

17. Compare the cycle areas in Problem 9. 

18. In Problem 2, what is the minimum possible range of pressures compatible 
with a finite work area ? Illustrate graphically. 

19. Derive a definite formula for the efficiency of the Eeitlinger cycle. Art. 253. 

20. Derive an expression for the efficiency of the Ericsson cycle wdthout a 

regenerator. 



CHAPTER XI 


GAS POWER 
The Gas Puoduger 

276 . History, The bibliography (1) of internal combustion engines is exten- 
sive, although their commercial development is of recent date. Coal gas was dis- 
tilled as early as 1691 ; tlie waste gases from blast furnaces were first used for 
heating in 1S09. The first English patent for a gas engine approaching modern 
form was granted in 179-1. The advantage of compression was suggested as early 
as 1801, but was not made the subject of patent until 1888 in Plngland and 1861 in 
France. Lenoir, in 1800, built the first practical gas engine, wliich developed a 
thermal efficiency of 0.01. The now familiar polytropic “ Otto ” cycle was pro- 
posed by Beau de Rochas at about this date. The same inventor called attention 
to the necessity of high compression pressures in 1802; a principle applied in 
practice by Otto in 1871. Meanwhile, in 1870, the first oil engine had been built. 
The four-cycle compressive Otto “silent” engine was brought out in 1876, show- 
ing a thermal efficiency of 0.15, a result better than that then obtained in the best 
steam power plants. 

If the isothermal, isometric, isopiestic, and adiabatic paths alone are considered, 
there are possible at least twenty-six different gas engine cycles (2). Only four 
of these have had extended development ; of these four, only two have survived. 
The Lenoir (3) and Hugon (1) nou-compressive engines are now rexiresented only 
by the Bischoff (5). The Barsauti “free piston ” engine, although copied by 
Gilles and by Otto and Laugen (1800) (G), is wholly obsolete. The variable vol- 
ume engine of Atkinson (7) was commercially iinsuccessfnl. 

Up to 1885, illuminating gas was commonly emialoyed, only small engines 
were constructed, and the high cost of the gas prevented them from being com- 
mercially economical. FTevertbeless, six forms were exhibited in 1887. The 
Priestman oil engine "was built in 1888. ’With the advent of the Dowson process, 
in 1878, with its possibilitie.s of cheap ga.s, advancement became rapid. By 1897, 
a 400-hp. four-cylinder engine was in use on gas made from anthracite coal. At 
the present time, double-acting engines of 5-100 Iq?. have been placed in operation ; 
still larger units have been designed, and a few applications of gas power have 
been made even in marine service. 



gas per year. The estimated 46,000 hp. required for compression "would be derived 
from the waste heat of the gas leaving the retorts. 

Producer gas is even more applicable to heating operations than for po"wer 
production. It is meeting "with extended use in ceramic kilns and for ore roast- 
ing, and occasionally even for firing steam boilers. 

277. The Gas Engine Method. The expression for ideal efficiency, 

increases as T increases. In a steam plant, although boiler fur- 
nace temperatures of 2500° T. or higher are common, the steam passes to 
the engine, ordinarily, at not over 350° F. This temperature expressed in 
absolute degrees limits steam engine efficiency. To increase the value of 
T, either very high pressure or superheat is necessary, and the practicable 
amount of increase is limited by considerations of mechanical fitness to 
"withstand the imposed pressures or temperatures. In the internal com- 
bustion engine, the "working substance reaches a temperature approximat- 
ing 3000° F, in the cylinder. The gas engine has therefore the same ad- 
vantage as the hot air engine, — a wide range of temperature. Its working 
substance is, in fact, for the most part heated air. The fuel, which may 
be gaseous, liquid, or even solid, is injected with a proper amount of air, 
and combustion occurs within the cylinder. The disadvantage of the ordi- 
nary hot air engine has been shown to arise from the difficulty of trans- 
mitting heat from the furnace to the working substance. In this respect, 
the gas engine has the same advantage as the steam engine, — large capa- 
city for its bulk, — for there is -no transmission of heat; the cylinder is 
the furnace, and the products of combustion constitute the working sub- 
stance. A high temperature of working substance is thus possible, with 
large work areas on the pv diagram, and a rapid rate of heat propagation. 

In the gas engine, then, certain chemical changes which constitute the pro- 
cess described as combustion, must be considered ; although such changes are in gen- 
eral not to be included in the phenomena of engineering thermodynamics. 

278. Fuels. (See Arts. 561, 561a.) The common fuels are gases or oils. In* 
some sections, natural gas is available. This is high in heating value, consisting 
mainly of methane, CH 4 . Carbureted water gas, used for illumination, is nearly as 
high in heating value, consisting of approximately equal volumes of hydrogen, 
carbon monoxide, and methane, with some methylene and traces of other substances. 
.Uncarbureted (blue) water gas is almost wholly carbon monoxide and hydrogen. 
Its heating value is less than half that of the carbureted gas. Both water gas and 
coal aas are uneconomical for power production: in the processes of manufacture, 



It is essentially carbon monoxidoy diluted with large quantities of nitro- 
gen and consequently low in heating value. Its exact composition 
varies according to the fuel from which it is made, the quantity of air 
supplied; etc. When soft coal is used, or when much steam is fed to 
the producer, large proportions of hydrogen are present. 

It is of no value as an illiuninant. Blast furnace gas is producer gas 
obtained as a by-product on a large scale in metallurgical operations. It contains 
less hydrogen than ordinary producer gases, since steam is not employed in its 
manufacture, and is generally quite variable in its composition on account of the. 
exigencies of furnace operation. Acetylene, CoHi:, is made by combining calcium 
carbide and water. It has an extremely high heating and illuminating value. 
All hydroearboiiaceous snbstance.s may be gasified by heating in closed vessels; 
gases have in this way been produced from peat, sawdust, tan bark, wood, garbage, 
animal fats, etc. 

279. Oil Gases. Many liquid hydrocarbons may be vaporized by ap];)ropriate 
metl)od.s, under conditions which make them available for gas engine ixse. Some 
of the.se licpiids inu.st bo vaporized by arkUicial heat and then immediately used, or 
they will again liquefy as tlieir temperatures fall. I'he vaporizer or “ carburetor ” 
is therefore located at the engine, where it atomizes each charge of fuel as required. 
Gasoline is most commonly used ; its vajK)!’ lias a high heating value. Kerosene, 
and, more recently, alcohol, have been employed. By mixing gasoline and air in 
suitable proportions, a saturated or “ carbureted ” air is produced. Tliis acts as 
a true gas, and musk be mixed with more air to permit of combustion. A gas 
formed in the proportion of 1000 cti. ft. of air to 2 gallons of liquid gasoline, for 
exanqde, does not liquefy. A lliird form of oil gas is produced by beating certain 
hydrocarbons without air; the “cracking” jn-ocess produces, first, less dense 
liquids, and, finally, gaseous bodie.s, which do not condense. The process must be 
carried on in a closed retort, and arrangements must be made for the removal of 
residual tar and coke. 

280. Liquid Fuels, These have advantages over solid or gaseous fuels, aris- 
ing from the usually large, heating value per unit of bulk, and from ease of trans- 
portation. All animal and vegetable oils and fats juay be reduced to liquid fuels; 
those oils most connuonly employtal, however, are petroleum products. Crude 
petroleum may be u.sed; it is more customary to transform this to “fuel oil” by 
removing the moisture, sulphur, and sediment; and .some of these “fuel oils” are 
used in gas engines. Of petroleum distillates, the ga.solires are most commonly 
utilized in this country. They include an 80° liquid, too dangerous for commer- 
cial purposes; the 74° “benzine,” and the 69° naphtha. “Distillate,” an impure 
kerosene, from which the gasoline has not been removed, is occasionally used. 
Both grain alcohol (CglluO) and wood alcohol (CII/-)) have been used in gas en- 



(601. me vjas jrruuuuer. xiiia iiuAuitiiy ui uie iiiuaern gas 

engine is made in a large number of types, one of wliicli is shown in Fig. 
113. This is a brick-lined cylindrical shell, set over a water-sealed pit P, 
on which the ash bed rests. Air is forced in by means of the steam jet 
blower A, being distributed by means of the conical hood B, from which 



it passes uj) to the red-hot coal bed above. Here carbon dioxide is formed 
and the steam decomposes into hydrogen and oxygen. Above this “ com- 
bustion zone” extends a layer of coal less highly heated. The carbon 


At E are openings for the bars used to agitat(3 tJie lire. At J are peep- 
holes. _ ^ . 

An automatic feeding device is sometimes use.d at D. I ho air may 
be forced in by a blower, or sucked through liy an oxliaustor, or by tlio 
engine piston itself, displacing the steam jet blower ^l. The iuel may 
be supported on a solid grate, or on the bottom of a producer wil.hout tlie 
water seal; grates may be either stationary or meclianically ojiorat.od. 
Mechanical agitation may be employed instead of th(3 jioker bars iiiseitod 
through E. Sometimes water gas, for illumination, and producer gas, for 
poAver, are made in the same plant. Two producers are then omjiloyod, 
the air blast being applied to one, while steam is decomposed in the otlie.r. 

Provision must be made for purifying the gas, by dellt'ctcrs, wet and dry 
scrubbers, filters, coolers, etc. For the removal of tar, wliicli would b(^ si'-riniisly 
objectionable in engines, mechanical separation and washing nsidid, but the. 
complete destruction of this substance involves the passing of the gas throiigii a 
highly heated chamber; this may be a portion of the produe.i'.r itsell, as in 
“ under-feed,” “ inverted combustion,” or “ down-draft ” types : (uuising the. trans- 
formation of the tar to fixed gases. On account of the dilUeulty of tivr removal, 
anthracite coal or coke or semi-bituminous, non-caking coal must generally be used 
in power plants. The air supplied to the producer is sometimes prcdie.ated by tlu'. 
sensible heat of the waste gases, in a “recuperator.” 'Plie “ r('g(merative ” ])rin- 
ciple — heating the air and gas delivered to the engine by means of the boat of 
the exhaust gases — is inapplicable, for reasons wliicli will appiuir. 

282 . The Producer Plant. The ordinary producer operah'.s nmhu- a sliglit 
pressure; in the suction type, now common in small plants, tho engine ])iston 
draws air through the producer in accordance Avith the load recpiirenumts. I’n^s- 
sure producers have been used on extremely low grade finds: Jalui, in (Jermaiiy, 
has, it is reported, gasified mine Avaste containing only ‘20 per eent of coal. .Suc- 
tion producers, requiring much less care and attention, are usually nnqdoyed only 
on the better grades of fuel. Most qjroducers reipiire a steam blast. ; the steam 
must be supplied by a boiler or “ vaporizer,” whicli in many iiist.ances is built as a 
part of the producer, the superheated steam being generated l)y the sensible heat 
carried aAvay in the gas. Automatic opei’atioii is effected in A'arious ways : in 
the Amsler system, by changing the proportion of hydrogen in the gas, involving 
control of the steam supply ; in the Pintscli process, by Auarying the draft at the 
pioducei bj means of an inverted hell, under the control of a s]U'ing, from btmeal.h 
Avhicli the engine draAVS its supply; and in the Wile apparatus, by Auvrying the 
diaft by means of valves operated from the holder. Figure 114 shows a complete 
producer plant, Avith separate vaporizer, economizer (recuperator), and holder for 
storing the gas and equalizing the pressure. 




284. Action in the Producer. Coal iw gasifu'd on ilu' 
grate. In suction producers, the rate of gasifi(!ation iiuiy l>c an.V’whoro 
between 8 and 50 lb. per sq. ft. of grate per hour. Ant.lna.(‘it.(' pto- 
ducers are in this country sold at a rating of 10 to lo lb. bh'ally, 
the coal is carbon, and leaves the producer as carbon monoxide, 
4450 B. t. u. per poimd of carbon having beini expended in gasilicaiion. 
Then only 10,050 B. t. u. per pound of carbon ari'. present in ilu'. ga,s, and 
the efficiency cannot exceed 10,050 -=-14, 500 = ().0‘.tl. The l loO B. t. n. eon- 
smned in gasification are evidenced only in the pMuperntiiro of the. gas. 
With actual conditions, the presence of carbon dioxidi! or of free, (ixygiai 
is an evidence of improper operation, further det'.reasing l.lui ellieiiMiey. By 
introducing steam, however, decovipo-'^il ion, occurs in tlai prodne.er, tlni i('ni' 
perature of the gas is reduced, and available liydrog'(!n is ca.rricd l.o tho 
engine; and this action is essential to producer cllicimic.y I'oi" jjowor ])nr- 
poses, since a high temperature of inlet gas is a d('triment rather tlnui a 
benefit in engine operation. The ideal ctlicieiuiy of tlui producer may thus 
be brought up to something over 80 per cent; a liiint arising when f,he 
proportion of steam introduced is such as to reduce tlu', temi)era,ture of the 
gas below about 1800° F., when the rate of deconqiosition greatly (leei'ea.s('s. 
The proportion of steam to air, by weight, is tlimi iiboid: (! p('r cent, ( lie 
heating value of the gas is increased, the perceiitag(! of uitrogtm dee.rea,setl, 
and nearly 20 per cent of the total oxygen delivered i,o the ])rodueor ba.s 
been supplied by decomposed steam. A similar resuli; may be attained, by 
introducing exhausted gas from the engine to the prodne.er. 'riio cai'bou 
dioxide in this gas decomposes to monoxide, which is ea,rried to the. engine 
for further use. This method is practiced in the iMund system, a,nd has 
had other applications. To such extent as the coal is hydroea.rbona,e,e()ns, 
however, the ideal efficiency, irrespective of tho use of eillnn- st('a,m oi- 
waste gas, is 100 per cent. Figure 115 shows graphically the resul ts com- 
puted as following the use of either steam or waste gases with pure. ea.r- 
bon as the fuel. The maximum ideal efficiency is about .‘),V pt'r e.('nt grea.ter 
when steam is used, if the temperature limit is fixed at TSOO” F., but the 
waste gases give a more uniform (though less rich) gas. The higlnn- ini- 
tial temperature of the waste gases puts their use practimdly on a pa,rity 
Avith that of steam. Either system tends to prevent cliidv('ring. Tin' 
maximum of producer efficiency, for power gas ])nrposes, is idea.lly from 
5 to 10 per cent less than that of the steam boihu'. .High jiercmd.ngf's of 
hydrogen residting from the PVP.f'Rsi nt'Q /-Ar ...... ,m,. ....... 


Elevation of Temp. Deg. F. B.t.u.per Pound of Gas . 


u.uodd ID. Dyarogen. 


Waste Gas supplied; Percentage of Fuel gasified by Weight? 
109 202 256 382 



The heat evolved in burning to monoxide is 4450 B. t. u. per pound. A por- 
tion of this, however, has been jiut back into the gas, the temperature having been 
lowered by the decomposition of the steam. Under the conditions existing in the 




producer, the heat of decomposit'on is about Ji. t. u. jK-r pound oi nydroKon. 

The net amount of heat evolved is then 4450 — (0.0333 X 02,000) == 23iS3 B. t. u., 

and the efficiencvis ~ = 0.84. Tlie ri.se in teinperatuni i.s (;oiupiilcd ii.s 

^ 14,500 

foUovrs; to heat the gas 1'’ F. there are required 



Wr.iGiiT 
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For carbon monoxide. 

2.33 

X 

0.2170 

0..578 B. 

t. u, 

For nitrogen. 

3.57 

X 

0.2 138 

O.SOO B. 

t. n, 

For hydrogen, 

0.0333 

X 

3.4 

0.113 B. 

(. 11, 



a tolal of 

V.nOO B. 

t. ii 


The 2383 B. t. u. evolved will then eiuise an elevation of imnpcu’aiuro of. 
23S3 


1.500 


= 1527° F. 


With pure air only, used for gasifying pure carhon, tlie gas would eoiiHi.sl, of 
2| lb. of carbon monoxide and 4.45 lb. of nitrog('.n ; (he. jiere.enl.ages being 31. .5 
and 05.5. For an actual coal, the ideal gas coinposil inn may bo eal(uila.t(sl on ( ho 
assumptions that the hydrogen and hydrocarbons jniss off uiudiangMul, and thal. ( ho. 
carbon requires IJ- times its own weight of oxygen, part of whie.h is e.oni/ained in 
the fuel, and part derived from steam or from tin*, atmosphere, carrying wil,h il, 
hydrogen or nitrogen. Multiplying the weight of eacli (a)nsi,itu(mi ga,s in a jioiind 
by its calorific value, we have the lieating Aailiii'. of the gas. As a mimu of 51 
analyses, Fernald finds (11) the following percentages li/ rolniiia : 


Carbon monoxide (CO) 10.2 

Carbon dioxide (CO-j) !).,5 

Hydrogen (II) jo.l 

Marsh gas and ethylene (ClI^, C^H^) 3.1 

Nitrogen (N) 05. ,S 


lOU.O 

285 a. Practical study of Producer Reactions. This sulqeet Inis jn-eseidml 
unexpected complications. Tests made by Allout at the Univei’sity of Binning- 
ham (Power, July 18, 1011, page 09) call attention to three characteristic proee.s.se.s : 

. C + IleO = CO + IF, (.1) 

C + 2 IIoO = CO, + 2 II,, (/;) 

CO + 11,0 = CO, + H,. (f-) 

Of these, (d) takes place at temperatures above 1832°, is endotliermie, and 
results in the absorption of 4300 B.t.u. per pound of carbon. 'Tlie corresponding 
figure for reaction (B), also endothermic, which occurs at teinpe.ratnres below 1 1 12°, 
is 2820 B.t.u. Ihe former of the two is the reaction desired, and is fa(nli(.at.(Hl 
by high temperatures. The operation (C) is cliemically revmsible; (nking jihum. 
as .stated at teraDerature,s above ; x _ .. 


Fig. 116. Art. 287. — Single-acting Gas Engine, Four Cycle. 

(From “ The Gas Engine,” by Cecil P. Poole, with the permission of the Hill Publishing Company.) 



of air to coal by weight at 9 lb., the ratio of steam decomposed to air s\ipplied at 
highest heat value and heat efficiency is 0.52 4 - 9.0 = 0.05H; approximately 0 p«!i’ 
cent, as in Art. 284. 

An interesting study of the principles involved may be found in lUdlc.tins of 
the University of Illinois ; vi, 16, by J. K. Clement, On the Rate of Formation of 
Carbon Monoxide in Gan Producers, and ix, 24, by Garland and Ki'atz, Icsts oj a 
Suction Gas Producer. 

286. Figure of Merit. A direct and accurate determination of edleiem'.y is 
generally impossible, on account of the difficulties in gas nieasnrcmnmt (12). For 
comparison of results obtained from the same coals, the figure of merit is sonnd.imes 
used. This is the quotient of the heating value per pound of the. gas by tll(^ 
weight of carbon in a pound of gas : it is the hentbuj vidua of the (jus par pound of 
carbon contained. In the ideal case, for pure carbon, its value would be 10,051) B. t. n. 
For a hydrocarbonaceous coal, it may have a greater value. 


Gas Engine Cycles 

287. Four-cycle Engine. A gas engine of one of the most commonly n.sed 
types is shown in Fig. 116. This represents a single-acting engine; i.e. the gas i.s 
in contact with one side of the piston only, the other end being opim. Large tm- 
gines of this type are frequently made double-acting, the gas being then con- 
tained on both sides of a piston moving in an entirely closed cyliiuhn*, exhaust 
occurring on one side while some other phase of the cycle is described on the 
other side. 


288. The Otto Cycle. Figure 117 illustrates the piston move- 
ments corresponding to the ideal pv diagram of Fig. 118. The 
cycle includes five distinctly marked paths. During the out sti’oko 
of the piston from position A to position B, Fig. 117, gas is sucked 



in by its movement, giving tlie line 
ah, Fig. 118. During the next in- 
ward stroke, B to Q, the gas is com- 
pressed, the valves being closed, 
along the line ho. The eycle is not 
yet eompleted : two more strokes 
are necessary. At the beginning 

of f.llp •fi'PCjf rx-p 4-1-x 


along cZe, Fig. 118. This completes the cycle. The inlet valve has 
been open from a to 5, the exhaust valve from d to e. During the 
remainder of the stroke, the cylinder was closed. Of the four 
strokes, only one was a “ working ” stroke, in which a useful effort 
was made upon the piston. In a double-acting engine of this type, 
there would be two working strokes in every four. 



Fig. 11!). Arts. 28!)-2t)l, .‘50!), Jl!!!). — IVo-cycle Giis Eiigiiie. 

(From “The G.as Engine,” by Cecil 1’. Poole, with the pertni.ssiun of the Hill Publishing Company.) 


289. Two-stroke Cycle. Another largely used type of engine i.s shoivn 
in Fig. 119. . The same five paths compose the cycle ; but the events are 
now crowded into two strokes. The exhaust opening is at A ; no valve 
is necessary. The inlet valve is at A, and ports are provided at C, C and 
I. The gas is often delivered to the engine by a separate pump, at a 
pressure several pounds above that of the atmosphere ; in this engine, the 
otherwise idle side of a single-acting piston becomes itself a pump, as 
will appear. Starting in the position shown, let the piston move to the left. 
It draws a supply of combustible gas through A, B and the ports G into 
the chamber D. On the outward return stroke, the valve A closes, and the 
gas in D is compressed. Compression continues until the edge of the piston 
passes the port I, when this high pressure gas rushes into the space F, at 
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it undergoes compression, beginning as soon as the piston closes the ports 
E and /, and coiitinning to the end of the stroke, when the piston is in its 
extreme left-hand position. Ignition there takes place, and the next ont 
stroke is a working stroke, during which the heated gas expands. Toward 
the end of this stroke, the exhaust port E is uncovered, and the gas passes 
out, and continues to pass out until early on the next backward stroke this 
port is again covered. 

290. Discussion of the Cycle. We have here a two-stroke cycle ; for 
two of the four events requiring a perceptible time interval are always 
taking place simultaneously. On the first stroke to the left, while gas is 
entering D, it is for a brief interval of time also flowing from I to F, from 
F through E, and afterward being compressed in F. On the next stroke 
to the right, while gas is compressed in D, ignition and expansion occur in 
F) and toward the end of the stroke, the exhaust of the burned gases 
through E and the admission of a fresh supply through I, both begin. 
The inlet port J and the exhaust port E are both open at once during part 
of the operation. To prevent, as far as possible, the fresh gas from 
escaping directly to the exhaust, the baffie G is fixed on the piston. It is 
only by skillful proportioning of port areas, piston speed, and pressure in 
that large loss from this cause is avoided.* The burned gases in the 
cylinder, it is sometimes claimed, form a barrier between the fresh enter- 
ing gas and the exhaust port. 


291. PV Diagram. This is shown for the working side (space F) in 
Fig. 120 and for the pumping side (space D) in Fig. 121. The exhaust 


p 



Fig. 120. Art. 201. — Two-stroke 
Cycle. 


port is uncovered at d, Fig. 120, and the pres- 
sure rapidly falls. At a, the inlet port opens, 
the fresh supply of gas holding np the pres- 
sure. From a ont to the end of the diagram, 
and back to b, both ports are open. At b the 
inlet port closes, and at c the exhaust port, 
when compres- 
sion begins. The 
pump diagram of 
Fig. 121 corre- 
sponds with the 



negative loop deab of Fig. 118. Aside from Fm- 121 . Art. 291.— Two-stroke 
the Slidlt difference at dcibc, Fig. 120, the Cycle Pump Diagram. 



diagram for either engine would be that of 
Fig. 122, ehfd^ in which expansion and com- 
pression are adiabatic, combustion instan- 
^ taneous, and exhaust and suction unre- 
Fi(’ !'>’ Arts ‘>03 ‘>94 ^^l^’icted ; SO that the area of the negative 
295, 314, 329, '329a, 329b, loop dg becomes zero, and eh and fd are 
Gas Engine Diagram lines 01 Constant volume. h rom inspection 

of the diaerram we find 


pj7 = p,F-/, 
P e — P d\ 




Tf=T, 


V,. 

Ia 

Pe 
Pl 
P. 


F,V/ = F,V,^, 

■'A3 




v„ = f:, 


293. Work Done. The work area under 5/ is ^ ; that 


P V — P V 

under ed is — - — — — ; the net work of the cycle is 
y-1 

F,V,^P,Va~P,V,-F,V, 

y~\ 

This may be written in terms of two pressures and two volumes only, 
for and P^F^= P,F/F,i-^ giving 

p7-_ P, K + PdVa- F, F,--/ ~ p, V/ v,^-y 

g-1 


y 


AK-hV, 


Pa- 




F 


VF 


p. 


294. Relations of Curves. Expressing 


3 

Pr 


Z/V 

fJ 


and 


P. 


z.\ 

yj 


, and 


P P 

remembering that F = F, F;, we have ^ 


^ =li and This 

P, Pa Pe Pd 


permits of rapidly plotting one of the curves Avhen the other is given. 


P. 


T, 



295. Efficiency. In Fig. 122, heat is absorbed along ely, equal to 
this is derived from the combustion of tlie gas. Heat 
is rejected along /c?, = Using the dilfercnee of tlie two 

quantities as an expression for the work done, we obtain foi the 
efiicieucy 

T. n 

ILzl 


T,-%-Tr+T_a^^^T, 


T,-Z 


To 
T„-T 


T, 


T. 


T. 


The Gficiemy thus depends solely upon the extent of comjjrcsslon 
vy Ve 

jf ) , while -Tr — pr- ==the clearance of the eiigiiu^. 



Fig. 122a. Art. 295. — Relation between Efficiency and Clearance in the Ideal Cycle. 

the efficiency may be expressed in terms of the clearance only. (Sec 
Fig. 122a.) 


' and since 


295 a. The Sargent Cycle. Let the engine draw in its charge at ai.iuos- 
pheric pressure, along ad, Fig. 122 c. The inlet valve closes a"t d ami the 
charge expands somewhat, along dc. It is then compressed alonu cd,e, 


increased ratio or expansion (Art. 411), and involves a reduction in capac- 
ity in proportion to the size of cylinder. The efficiency is 

dehgli _ mebn — mdlign 
mebn mebn 

k(T,-T,) + l(T,-T,) 

1{T,-T:) 

T,-T, T„-T, 

h *^6 *^6 *^6 


295 1). The Frith Regenerative Cycle (^Jour. A. S. M. E., XXXII, 7). In Fig. 
122 d, abed is an ordinary Otto cycle. Snpjiose that during expansion some of the 
fluid passes through a regenerator, giving up heat, following some such path as ae. 
Then let the regenerator in turn impart this heat to the working substance during 
or just before combustion, as along di in the entropy diagram. 

If the regenerator were perfect, and the transfers as described could occur, the 
heat absorbed from external sources would be jiah and the work would be daec. 
The quotient of the latter by the former, if the path through the regenerator were 
ac (limiting case), would be unity. But this would involve a contravention of the 
second law, since heat would have to pass from the regenerator (at c) to a sub- 
stance hotter than itself (at d). If, howevez-, we make tlie temperature range — To 
very small, a large proportion of the heat transferred to the regenerator may again 
be absorbed along da, and as the output of the engine approaches zero, its efficiency 
approaches 100 per cent. 

If, as in Fig. 122 b, the expansion curve strikes the point c, we may assume 
that of all the heat {fcah) delivered to the regenerator, only that portion (IkaJi), 
the temperature of which exceeds J^, can be redelivered to the fluid along da. 
The efficiency is then 


dne 

fdah — Ikah 


fdnli — fenh 
fdah ~ Ikah 


I(To~T,)-s(T„-T,) _ 




where s = ^ is the specific heat along the path akc, the equation of which is 
= const. Since ' PaVf = Pc'Vf, 

PaVf=PcVf, 



while 
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Now if = 300° F. = 760° abs., Tj, = 1470° abs., and if — 3000° abs., the 
efficiency becomes 

1530 - (0.582 X 2240) ^ 2 ^ ^ 0 36 
1530 - (0.582 X 1530) 640 ‘ ’ 

wliile that of the Otto cycle is 

Frf- F, ^ ]470- 760 ^ 

1470 ■ ■ 

For a discussion of limiting values, see the author’s paper in Tolytechnic Engineer, 1914. 


296. Carnot Cycle and Otto Cycle; the Atkinson Engine. Let abed, 
Fig. 123, represent a Carnot cycle drawn to yry coordinates, and bfde, the 
corresponding Otto cycle between the 
same temperature limits, T and t. For the 
Carnot cycle, the efficiency is (T — t) ^ T-, 
for the Otto, it is, as has been shown, 

(Tg — T^) -i- T^. It is one of the disad- 
Yantages of the Otto cycle, as shown in 
Art. 294, that the range of temperatures 
during expansion is the same as that dur- 
ing compression. In the ingenious AtJan- 
son engine (13), the fluid was contained in Fig. 123. Art. 29i).— Carnot, Otto, 

,, , , . , , . , and Atkinson Cycles. 

the space between two ]3istons, which space 

was varied during the phases of the cycle. This permitted of expansion 
independent of compression ; in the ideal case, expansion continued down 
to the temperature of the atmosphere, giving such a diagram as ebed, Fig. 
123. The entropy diagrams for the Carnot, Otto, and Atkinson cycles are 




correspondingly lettered in Fig. 124. For 
the Atkinson cycle, in the ideal case, we 
have ill Fig. 124 the elementary strip 
VK'xy, which may stand for dTI, and the 
isothermal dc at the temperature t. Let 
the variable temperature along eh be IG, 
having for its limits and T^. Then for 
the area ehed, we have 



AtkiiiHOii, 1 — 


Tb - Te~ ^ 2:380^°^'‘’10GO 


0.74. 


Otto, 


T,, - t __ lOGO - 520 
Tc " lOGO 


The Atkinson engine can scarcely be regarded as a practicable type ; the 
Otto cycJe is that upon which most gas engine efficiencies must be based; 
and they depend solely on the ratio of temperatures or pressures during 
compression. 


298. Lenoir Cycle. This is shown in Fig. 125. The fluid is drawn 
into the cylinder along Ad and exploded along df. Expansion then 
occurs, giving the path fg, when the exhaust valve opens, the pressure 



Fig. 123. Arts. 2i)S, .GOl, SO‘2. — 
Loiioir Cycle. 



falls, r/7i,' until it reaches that of the atmosphere, and the gases are finally 
expelled on the return stroke, JiA. It is a tivo-cyde engine. The net 
entropy diagram apxiears in Fig. 126. 

The efficiency is 

Heat absorbed — heat rejected _ l(Tf~ T^) — l(Tg — Tu) — k{Tji — T^) 

Heat absorbed ~ 

Tf-Ta ‘^T^-Ta 

299, Brayton Cycle. This is shown in Fig. 127. A separate 
iuimp is employed. The substance is drawn in along Ad, compressed 
along dn, and forced into a re.servoir along nB. The engine begins 
to take a charge from the reservoir at B, which is slowly fed in and 
ignited as it enters, so that combustion ^n’oceeds at the same rate as 
the piston movement, giving the constant jiressure line Bh. Expan- 
sion then occurs along hg, the exhaust valve opens at g, and the 
U. ovLullnrl olmirT JiA Tbp npf. m.’plo ia /7 'h7i/'/7i ' rbp iz-lool 




Fig. 128. Art. 2i)!). — Bray ton Cycle, 
Entropy Diagram. 


engine. The “ constant pressure ” cycle wlhcli it uses was suggested 
in 1865 by Wilcox. In 187-3, when first introduced in the United 
States, it developed an efficiency of 2.7 lb. of (petroleum) oil per 
brake hp.-lir. 

The efficienc'i/ is (Fig. 127) 

VA- A) , A- A A- A 

iCA-A) AA-A) A- A’ 

If expansion is complete, the cycle becoming dnbi, Figs. 127, 128, then 
Ty = 21. = Ti, and the efficiency is 

T' 'T 'V T 'V 

H i rl .j ^ -‘■11 (i 

^ rn rp 'r'p ~ ~lp ) 

a result identical ivith that in Art. 295 ; the efficiency (with complete ex- 
pansion) depends solely upoii the extent of compression. 


300. Comparisons with the Otto Cycle. It is proposed to compare the capacities 
and ediciencies of engines working in tiie Otto,* Erayton, and Lenoir cycles; the 
engines being of the same size, and working between tlie same limits of temperature. 
For convenience, jnu’e air will be regarded a.sthe working substance. In each case 
let the stroke be 2 ft., the piston area 1 scp ft., the external atmosphere at 17° C., 
the maximum temperature attained, IbST"" C. In the Lenoir engine, let ignition 
occur at half stroke; in the Erayton, let compre.ssion begin at lialf stroke and con- 
tinue until tlie pressure is the same as the maximum piressnre attained in the Lenoir 
cycle, and let expansion also begin at half stroke. These are to be compared with 
an Otto engine, in which the puimp') compiresses 1 cu. ft. of free air to 40 lb. net 
pressure. This quantity of free air, 1 cu. ft., is then suppilied to each of the three 
engines. 


301. Lenoir Engine. The expienditure of heat (in wo/du units) along df, Fig. 
125, is JlfF — /), in which T = 1537, t — 17, J is the mechanical equivalent of a 


mately u.io&y x u.u 


I O A J-UV/U.X 


The pressure at/ is 


and the pressure at ^ is 


17.72(1537 - 17)= 20,900 ft.-lb. 

14,7 1537 +_2^_ gi _4 absolute; 
17 + 273 

91.4(i)i'= 34.25 lb. absolute. 


The ■work done under fg is then 

144 ( (91--1 l } = 8190 ft.-lb. 

I 1.102-1 1 

The negative work under hd is 14-.7x 144 x 1 = 2107 ft.-lb., and tlic n(4 work is 
8190 — 2107 = GOSS ft.-lb. The efficiency is then 0083 -e 20,900 = UJdG. 


302. Brayton Engine. We first find (Fig. 127) 


T^^Ta 


1J-\ 

Pn\ 


(273 4 17) 


(n^\ 0 . 28 C 

14.7 


absolute or 210° C. 


Proceeding in the same way as with the Lenoir engine, we find the heat expendi- 
ture to be 

■ Jl-(n - T„) = 0.2375 X 0.075 x 1 100.4(1537 - 210) = 33,000 ft.-lb. 

The pressure at n is by assumption equal to 7 )y in the case, of the, Lenoir engine; 
the pressure at g in the Brayton type then equals that at g in the T.,e.m>iv. The 
work under hg is the same as that under fg in Fig. 125. The work under nh is 
found by first ascertaining the volume at 7i. This is 

fliiy^''l.O =0.272. 

V9.14/ 

The work under nh is then 91.4 x 144 x (1.0 — 0.272) = 9050 ft.-lb., and the gross 
work is 9650 -t 8190 = 17,840 ft.-lb. Deducting the negative work under hd, 
2107 ft.-lb., and that under dn, 

144 i)\ . ft.-lb., 

V 1.402 - 1.0 j 

the net work area is 12, OSS ft.-lb., and the etiiciency, 12,083 -f- 33,000 = O.SCf 


303. Clerk’s Otto Engine. In Fig. 129, a sejiarate jniniji take,s in a charge 
along AB, and compres.se.s it along BC, afterward forcing it into a receiver along 
CD at 40 lb. gauge pressure. Gas flows from 
the receiver into the engine along DC, is ex- 
ploded along CE, expands to F, and is expelled 
along G.4. The net cycle is BCEFG. The d|- 
voluuie at C is 
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e temperature at C is 

PcV,T^^ PJ''6= ^ + . N) _ _ 273 = 153° C. 


14.7 X 1 


e pressure at E is then 


le pressure at F is 

le work under EF is 
( 


i»Si^||^=28nb. absolute. 
153 + 273 

231 = 23.04 lb. absolute. 


14 , ( (281x0.8W)-(a3.e4x2) N ^ 

' 1.402 - 1.0 / 


it under BG \s 2107 fb.-lb., and that under BC is 

144 { ^ 0:393) - (14. 7 X 1) ^ _ 2^39 

V 1.402 - 1.0 


le net work is 15,600 — 2107 — 2430 = 11,063 ft. -lb. The heat expenditure in 
is ca.se is Jl(Tjs — Tc)= 17.72 x (1537 — 153) = 24,500 ft.-lb., and the efficiency 
11,063 -f- 24,500 = 0453 \ considerably greater than (hat of eiblior the Lenoir or 
s Brayton engine (14). If we express the cyclic area as 100, then that of the 
iiioir engine is 52 and that of the Brayton engine is 104. (See Art. 295a.) 


304. Trial Results. The.se comparisons correspond with the consumption of 
s found in actual practice with the three t^^pes of engine. The three efficiencies 
e 0.226, 0.366, and 0.453. Taking 4 cu. ft. of free gas as ideally capable of giv- 
g one horse power per hour, the gas consumption per Ipr.-hr. in the three cases 
3uld be respectively 4 -f- 0.226 = 17.7, 4 -e 0.366 = 10.9, and 4 -e 0.453 = 8.81- cu. ft. 
ctual tests gave for the Lenoir and Hugon engines 90 cu. ft.; for the Brayton, 
; and for the modified Otto, 21. The possibility of a great increase in economy 
' the use of an engine of a form somewhat similar to that of the Brayton will be 
scussed later. 


305. Complete Pressure Cycle. The cycle of Art. 303 merits detailed exanii- 
tion. In Fig. 129, the heat absorbed is 1{Tf, — Tq) ; that rejected is 

1{Tf- KTo-Tf)-, 

e efficiency is 

1 n- - To 

Tf- To'^Tf- To 

TO or)frr»'r>TT /-1 1 o rrt TMo-irVi/a oc 7?1(T 10. t wlin-n’lnrr flTlQ pvplp f.A 1")A 


cyuie uecomes one orcunary ucto, aiui. me enieieucy is ■ 

Tr- Ta_Tr.- Tn 


1 - 


'I'e — 'J-'u 


Tr 



Fia. 130. 


Arts. 30G, 307.- 
Cyclo. 


■Diesel 


306. Oil Engines : The Diesel Cycle. Oil engines may operate in either 
the two-stroke or the four-stroke cycle, usually the latter; and combus- 
tion may occur at constant volume (Otto), constant pressure (llrayton), or 
constant temperature (Diesel). Diesel, in 1803 (15), first proposed what 
has proved to be from a thermal standpoint the most economical heat 
engine. It is a four-cycle engine, approaching more closely than the 
Otto to the Carnot cycle, and theoretically applicable to solid, liquid, or 

gaseous fuels, although actually used only 
with oil. The first engine, tested by Schroter 
in 1S97, gave indicated thermal efficiencies 
ranging from 0.34 to 0.39 (10). The ideal- 
ized cycle is shown in Fig. 130. The opera- 
tions are adiabatic compression, isothermal 
expansion, adiabatic expansion, and dis- 
charge at constant volume. Pure air is com- 
pressed to a high pressure and temperature, 
and a spray of oil is then gradually injected by means of external air 
pressure. The temperature of the cylinder is so high as at once to ignite 
the oil, the supply of which is so adjusted as to produce combustion 
practically at constant tem 2 )erature. Adiabatic expansion occurs after 
the supply of fuel is discontinued. A considerable excess of air is used. 
The pressure along the combustion line is from 30 to 40 atmospheres, that 
at which the oil is delivered is 50 atmospheres, and the temperature 
at tiic end of compression approaches 1000° F. The engine is 
started by compressed air; two or more C 3 diiiders arc used. There is 
no uncertainty as to the time of ignition; it begins immediately 
upon the entrance of the oil into the cylinder. To avoid pre-ignition 
in the supply tank, the high-pressure air used to inject the oil must 
be cooled. The cylinder is water-jacketed. Figure 131 shows a three- 
cylinder engine of this type; Fig. 132, its actual indicator diagram, 
reversed. 

The Diesel engine has recently attracted renewed interest, especially 
in small units: although it has been built in si.zcs up to 2000 hp. It 
has been applied in marine service, and has successfully utJized by- 
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307. Efficiency. The heat absorbed along Fig. 130, is 




V,. 


The heat rejected along/d is IQTf — We may write the efficiency 

as 

UTr-T,) „ , Ta-T, 


But iZ}= T, 


1 


RTa log, 


= 1 


Ta log 


Tf- 


T, 


h 

«\ ir 
/ 


m _rn(Vfy-\ 


a 


T, 


,aiid T„,^T, 


; whence 




V... 


For the heat rejected along /d we ina.y therefore write 






and for the efficiency, 


IcT, 





ym\ log. 


0, 


V, 


This increases as increases and as decreases. The last conclu- 


sion is of prime importance, indicating that the efficiency should in- 
crease at light loads. This may be apprehended from tlie entropy 
diagram, ahfd. Fig. 124. As the width of the cycle decreases (hf 
moving towmrd ad)., the efficiency increases. 


307 h. Diesel Cycle with Pressure Constant. In common present practice, 
the engine is supplied with fuel at such a rate that the pressure, rather 


j-1 1-1- . 


combustion. The definite expression for efficiency is 

abfd l{Tr-T,) _^ Tr-T, 

mabn — r„) y{Ti,— T^) 

Inspection of the diagram shows that the efficiency decreases as the load 
increases. 


(For a description of the Junkers engine, see the papers by Junge, in 
Power, Oct. 22, 29, Nov. 5, 1912.) 

P T 



307c. Entropy Diagram, Diesel Engine. In constructing the entropy diagram 
from an actual Diesel indicator card a difficulty arises similar to one met with in 
steam engine cards; the quantity of substance in the cylinder is not constant (Art. 454 ) . 
This has been discussed by Eddy (17), Frith 
(18), and Reeve (19). The illustrative dia- 
gram, constructed as in Art. 347, is sugges- 
tive. Figure 133 shows such a diagram for 
an engine tested by Denton (20). The 
initially hot cylinder causes a rapid ab- 
sorption of heat from the walls during the 
early part of compression along ah. Later, 
along he, heat is transferred in the opjjosite 
direction. Combustion occurs along cd, the 
temperature and quantity of heat increas- 
ing rapidly. During expansion, along de, 
the temperature falls with increasing 
rapidity, the path becoming practically 
adiabatic during release, along ef. The TV diagram of Fig. 133 indicates that no 
further rise of temperature would accompany increased compression; the actual 
path at y has already become practically isothermal. 



_ V OR tj 

Fig. 1o3. Art. .'J07. — Diesel Eiigiuc 
Diagrams. 
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Complete pressure, cUbgJi, debi. 




Fig. 134. Art. 308, Probs. 7, 35. — Comparison ol Gas Eiigino Cycles. 

308a. The Humphrey Internal Combustion Pump. In Fig. 13 la, 

C is a chamber supplied with water through the check valves V from 
the storage tank EF, •and connected by the discharge pipe D with the 
delivery tank F. Suppose the lower part of C, with the pipe D and 
the tank F, to be filled with water, and a combustible cliarge of gas 
to be present in the upper part of C, the valves / and E being closed. 
The gas charge is exploded, and expansion forces the water clown 
in C and up in F. The movement does not stop when the pressure 
of gas in C falls to that equivalent to the difference in head between 
F and C ; on the contrary, the kinetic energy of the moving waiter 
carries it past the normal level in F, and the gases in C fall below 
that pressure due to head. This causes the opening of E and V, 
an inflow of wmter from ET to C, and an escape of burnt gas from C 
through E. The ivater rises in C. Meanwhile, a partial return flow 
from F aids to fill C, the kinetic energy of the moving water having 
been exhausted, and the stream having come to rest with an abnor- 
mally high level in F. AVater continues to enter C until (1) the valves 
V are closed, (2) the level of E is reached, when that valve closes by 
the impact of water; and (3) the small amount of burnt gas now trapped 
in the space Ci is compressed to a pressure higher than that correspond- 
ing with the difference of heads between F and C\. As soon as the 
returning flow of water has this time been brouglit to rest, the excess 
pressure in Ci starts it again in the opposite direction from Ci toward 
F. AVhen the pressure in Ci has by this means fallen to about that of 

a + mncnViovo o Pi'neVi nKovn./-. xl l,, r in.-.' x! i 


a static head, which produces the final return flow which finally com- 
presses the fresh charge. 

The water here takes the place of a piston (as in the hydraulic 
piston compressor, Art. 240). The only moving parts are the valves. 


— 

F 


8 1 


Fig. 134a. Art. 308a. — Humphrey Pump. 

The action is unaccompanied by any great rise of temperature of the 
metal, since nearly all parts are periodically swept by cold water. The 
pump as described works on the 
four-cyclc principle, the operations 
being (Fig. 1346) : 

a. Ignition {cih) and expansion 

{be); 

b. Expulsion of charge (cr/, de), 

suction of water, com- 
pression of residual 
charge (e/) ; 

c. Intake {feg, gh ) ; 

d. Compression {ha). 

Disregarding the two loops ehg, 

dem, the cycle is bounded by two 
polytropics, one line of constant volume and one of constant pressure. 
Between the temperature limits and it gives more work than 
the Otto cycle habj, and if the curves be and ah were adiabatic would 
necessarily have a higher efficiency than the Otto cycle. The actual 
paths are not adiabatic: during expansion (as well as during ignition) 

KmriA nf f.hp lipfi-h Tmisl. Fp o-Iupn iin t.n thp wnf.pr’ whilp t,hn hnfl.t jrfiTierated 


P 



Fig. 1346. Art. 30So. — Cycle of 
Humphrey Pump. 






•on the two-cycle principle. (Art. 289). The pump may be adapted 
for high heads by the addition of the hydraulic intensificr. It has 
been built in sizes up to 40,000,000 gal. per twenty-four hours, and 
has developed a thermal efficiency (to water) under test of about 
22 per cent. (See American Machinist, Jan. 5, 1911.) 


Practical Modifications of the Otto Cycle. 

309. Importance of Proper Mixture. The working substance used in gas 
engines is a mixture of gas, oil vapor or oil, and air. Such mixtures will not 
ignite if too weak or too strong. Even when so proportioned as to permit of 
ignition, any variation from the correct ratio has a detrimental effect; if 
ion Utile air is present, the gas will not burn completely, the exhaust will be dart 
colored and odorous, and unburned gas may explode in the exhaust pipe when 

it meets more air. If too much air is admitted, 
the pi'otlucts of combustion will be unnecessarily 
diluted and the rise of temperature during 
ignition will be decreased, causing a loss of woi’k 
area on the P V diagram. Figure 135 shows the 
effect on rise of temperature and pressure of 
varying the proportions of air and gas, assuming 
the variations to remain within the limits of 
possible ignition. Failure to ignite may occur 
as a result of the presence of excess of air as 
well as when the air supply is deficient. RdphlUy 
of flame propagation i.s cs.senlial fur effich ncg, and this is only possible with a 
proper mixture. The gas may in some cases burn so slowly as to leave the cyl- 
inder partially unconsumed. In an engine of the type shown in Fig. 11.0, this 
may result in a spread of flame through /, B, and C back to D, ^Yith dangerous 
consequences. 



Fig. 133. Art. 30i). — Effect of 
Mixture Strength. 


310. Methods of Mixing. Tlie con.stituents of the mixture must be intimately 
mingled in a finely dh’ided state, and the governing of the engine should prefer- 
ably be accomplished by a method which keeps the proportions at those of liiglmst 
efficiency. Variations of pressure in gas supply mains may interpose serious dif- 
ficulty in this respect. Fluctuations in the lights which may be supplied from the 
same mains are also excessive as the engine load cliangcs. Both difficulties are 
sometimes obviated in small units by the use of a rubber supply receiver. Varia- 
tions in the speed of the engine often change the jn-oportions of the mixture. 
When the air is drawn from out of doors, as with automobile engines, variations 
in the temperature of the air affect the mixture composition. In simple types of 
engine, the relative openings of the automatic gas and air inlet valves are fixed 
when the engine is installed, and are not changed unless the quality or pressure 


in the ratio of the pump disi)Iaecments, the volume delivered being constant, 
rdless of the pressure or temperature. Many adjustable mixing valves and 
ureters arc made, in whicli the mixture strength may be regulated at will. 
30 are necessary where irregularities of pressure or temperature occur, but 
ire close attention for economical results. In the usual type of carbureter or 
)rizer, used with gasoline, a constant level of liquid is maintained either by an 
flow pipe or by a float. The suction of the engine piston draws air through a 
le, and tlu; fuel is drawn into and vaporized by the rapidly moving air current. 
.)seno cannot be va])orized without heating it: the kerosene carbureter may be 
cted by the engine exhaust, or the liquid may be itself spurted directly into 
cylinder at the ])roixn- moment, air only being present in the cylinder during 
[U’cssion. The prciscnee of burned gas in the clearance space of the cylinder 
its the mixture, retarding the flame propagation. The effect of the mixture 
igth on allowable compro.ssion pressures remains to be considered. 

311. Actual Gas Engine Diagram. A typical indicator diagram from 
)od Otto cycle engine is shown in Fig. 136. The various lines differ 
lowhat from those cstaldishcd in Art. 2SS, These dift'erences we now 
uss. Figure 137 sliows the portion bede of the diagram in Fig. 133 
,n enlarged vertical scale, thus representing the action more clearly, 
line,/?; is that of atmospheric pressure, omitted in Fig. 136. We will 
11 our study of the actual cycle with the comjyression line. 



Fio. Arts. ;ni, .S42, 345.— Fig. 137. Arts. 311, 32(i, 328. -Eii- 

Otto Engine Indicator Diagram. larged Portion of Indicator Diagram. 


J13. Limitations of Compression. It has been shown that a high degree 
ompression is theoretically essential to economy. In practice, com- 
mon must he limited to pressures (and corresponding temperatures) 
Inch the gases ivill not ignite of themselves j else combustion will 
r before the 2 >iston readies tlie end of the stroke, and a backward 
dse will be given. (Jases differ widely as to the temperatures at 
h they will ignite; hydrogen, for exam j)le, inflames so readily that 
m (21) estimates that the allowable final jiressiire must he reduced 
itmosphere for each 5 per cent of hydrogen present in a mixed gas. 

riie followino’ are the average final gauge compression pressures 


60 to 100 lb. ; ior producer gas, 100 to 160 Lb. ; and tor blast Jurnaoe 
gas, 120 to 190 lb. Tlie range of compression depends also upon the 
pressure existing in the cylinder at the beginning of compression ; for 
two-cycle engines, this varies from 18 to 21 lb., and for fonr-cycle 
engines, from 12 to 14 lb., both absolute. 

T}ie pi’e-coinpre.ssiou temj)erature also limits the allowable range below the 
point of self-ignition. This temperature is not that of the entering gases, but it 
is that of the cylinder contents at the moment when comiiression begins; it is 
determined by the amount of heat given to tlie incoming gases by the hot cylin- 
der walls, and this depends largely upon the thoroughness of the water jacketing 
and the speed of the engine. This accounts for the ratlier wide ranges of allow- 
able compression pressures above given. Usual pre-compi‘ession temperatures are 
from 140° to 300° F. “ Scavenging ” the cylinder witli cold air, the injection of 
water, or the circulation of water in tubes in tlie clearanci' space, may reduce this. 
Usual practice is to thoroughly jacket all exposed surfaces, including pistons 
and valve faces, and to avoid poclcets where exhaust gases may collect. The 
primary object of jacketing, however, is to keep the cylinder cool, both for 
mechanical reasons (e.p., for lubrication) and to avoid uncontrollable explosions at 
the moment when the gas reaches the cylinder. 


313 . Practical Advantages of Compression. Compri'ssion pressures have 
steadily increased since 1881, and engine ellicieiicies have increased correspond- 
ingly, although the latter gain has been in part due to other causes. Improved 
method.s of ignition have p(!rmitted of this increased compression. Besides the 
thermodynamic advantage already discu.ssed, coinpro.ssion increases the engine 
capacity. In a non-compre.s.sive engine, no considerable range of expansion could 
be secured without allowing the final pressure to fall too low to give a large w'ork 
area; in the compressive engine, wide expansion limits may be obtained along 
with a fairly high terminal pressure. Compre.ssion reduces the exposed cylinder 
surface in j^i’oportion to the weight of gas present at maximum temperature, and 
so decreases the loss of heat to the walls. The decreased proportion of clearance 
space following the use of compre.ssion also reduces the proportion of spent gases 
to be mixed with the incoming charge. 


314 . Pressure Rise during Combustion. In Art. 292, the pressure Pi after 
combustion was a.ssumed. IVhile, for reasons which will appear, any computation 
of the. rise of pressure by ordinary methods is unreliable, the method should be 
described. Let II denote the amount of heat liberated by combustion, per pound 

of fuel. Then, Fig. 122, //= l{Ti -- T,), Ti - 1\ - j and Ti - + I\. But 
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n\ 


+ 1 . 


Then Pi~P^=lflL. 
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But 


— = - — , whence 
7 ’ 1 / 


Then 
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0.402 H 



315. Computed Maximum Temperature. Dealing now with the constant 
volume ignition line of the ideal diagram, let the gas be one pound of pure 
carbon monoxide, mixed with just the amount of air necessary for com- 
bustion (2.48 lb.), the temperature at the end of compression, being 1000° 
absolute, and the pressure 200 lb. absolute. Since the heating value of 1 
lb. of CO is 4315 B. t. u., while the specific heat at constant volume of 
CO 2 is 0.1692, that of N being 0.1727, we have 


rise in temperature 


4315 

(1.57 X 0.1692)+ (1.91 X 0.1727) 


= 7265° F. 


The temperature after complete ignition is then 8265° absolute. The 
8265 

pressure is 200 x = 1653 lb. If the volume increases during igni- 
tion, the pressure decreases. Suppose the volume to be doubled, the rise 
of temperature being, nevertheless, as computed : then the maximum pres- 
sure attained is 826.5 lb. 






IS less tnan nan oi me rise liueureoiuii.uj' uuiupuwiu, uu. 
supply, with the actual gas delivered. The discrepancy is liuist for 
oil fuels and (mixtures being of proper strength) is greatcist for Eiuds 
of high heat value. It is difficult to measure the maximum treripcu'aturc'., 
on account of its extremely brief duration. It is more usual to measure 
the pressure and compute the temperature. This is best done by 
a graphical method, as with the indicator. Fig. 137a gives the results 
of a tabulation by Poole of pressure rises obtained in usual practice. 

317. Explanation of Discrepancy. There are several reasons for tlui disagree- 
ment between computed and observed results. Charles’ law dotis not hold rigidly 
at high temperatures; the specific heats of gases arc^ known to iucr('as(( with the 
temperature (Meyer found in one case the theoretical maximuin temperaturi' to 
be reduced from 4250° F. to 00-30° F. by taking account of the increasi^s in s]HH'.ilie 
heats as determined by Mallard and Le Clnitelier); combustion is actually not 
instantaneous throughout the mass of gas and some increase of volume always 
occurs; and the temperature is lowered by the cooling effect of the cylinder walls. 
Still another reason for the discrepancy is suggested in Art. 018. 

318. Dissociation. Just as a certain maxinium temperature must be attained 
to permit of combustion, so a certain maximum temperature must not Ik* exceeded 
if combustion is to continue. If this latter temperature is .exceeded, a snp]iression 
of combustion ensues. Mallard and Le Chatelier found this “dissociation ” effect 
to begin at about 3200° F. with carbon monoxide and at about '1.500° F. with steam. 
Deville, however, found dissociative effects with steam at 1800° F., and with car- 
bon dioxide at still lower temperatures. The effect of dissociation is to produce, 
at each temperature within the critical range for the gas in question, a stable 
ratio of combined to elementary gases, — e.fj. of steam to oxygen and hydrogen, — 
which cannot widely vary, IN o exact relation between .specific temperatures and 
such stable ratio has yet been determined. It lias been found, however, that the 
maximum temperature actually attained by the combustion of hydrogen in oxygen 
is from 3.500° to 3800° C., altbougb the theoretical temperature is aliout 0000° C. 
At constant pressure (the preceding figures refer to combustion at constant vol- 
ume), the actual and theoretical figures are 2500° and ()()00° C. respectively. For 
hydrogen burning in <'\ir, the figures are 1830 to 2()()()°, and 3800° C. Dissociation 
here steps in to limit the complete utilization of the heat in the fuel. In gas en- 
gine practice, the temperatures are so low that dissociation cannot account for .all 
of the discrepancy between observed and computed values; but it probably plays 
a part. (See Art. 1276.) 

319. Rate of Flame Propagation. This has been mentioned as a factor influ- 
encing the maximum temperature and nressure a,tt,n.inw1 TPp ar wlnnli 


RATE OF FLAME PROPAGATION 


195 


nienting on mixttives of coal gas with air, found maximum pressure to be obtained 
in minimum time wlien tlie proportion of air to gas by yolunie was 5 or G to 1 : 
hu’ pure hydrogen and air, the best mixture was 5 to 2. The IMassachusetts Insti- 
tute of Technology experiments, made with carbureted water gas, showed tlie best 
mixture to be 5 to 1; with 80° gasoline, the quickest inflammation was obtained 
when 0.0217 parts of gasoline were mixed with 1 pai-t of air; with 70° gasoline, 
when 0.0208 to 0.0278 i^arts were used.* Giwer found the best mixture for coal 
gas to be 7 to 1 ; for acetylene, 7 or 8 to 1, acetylene giving higher pressures than 
coal gas. 'With coal gas, the weakest ignitible mixture was 15 to 1, the theoreti- 
cally j)erfect mixture being 5.7 to 1. The limit of weakness with acetylene was 18 
to 1. Both Grover and Lucke (20) have investigated the effect of the presence of 
“neutrals” (carbon dioxide and nitrogen, derived either from the air, tlie incom- 
ing gases, or from residual burnt gas) on the rapidity of propagation. The re- 



Fio. i:’>S. Art. 319 — Effect of Presence of Neutrals. 

(From Ilutton’.s “ Tlie Gas Eiig'iiie,” by ijei-iiiissioii of John Wiley & Sons, Publishers.) 


suits of Lucke’s study of water gas are shown in Fig. 188. The ordinates show 
the inaximiun pressures obtained with various proiiortious of air and ga.s. These 
are liighest, for all percentages of neutral, at a ratio of air to gas of 5 to 1 ; but 
they deci’ease a.s the proportion of neutral increases. The experiments indicate 
that the si^eed of flame travel varies widely with the nature of the mixture and the 
conditions of pressure to which it is subjected. 1/ the viixture is too weak or too 
strong, it will not injianie at all. (See Art. 105a.) 

320. Piston Speed. The actual shape of the ideally vertical ignition line will 

rlpnpnrl la.rirplv nrion the. sneed of flame ■nrmiap-n.binn as comnared with the sneed 




ises auu iBiams lyuiuiuji. 















M 

•E.P. 









80 

40 





^ 







- 


tzz 


r — 



.... 



750 r. p. ra. 


Fig. 139. Art. 320. — Ignition Line as ai’fectcd by Piston Speed. 

(From Lucku’a “ Ga.s Engine Design.”) 

321. Point of Ignition. The spreading of flame is at first slow. Ignition is, 
herefoi'C, made to occur jjrior to the end of tiie stroke, giving a ])ractically verti- 
al line at the end, where inflammation is well under way. Figure 140, from 
’oole (27), shows the effects of change in the point of ignition. In (a) and (h), 
gnition was so early as to produce a negative loop on the diagram. Tliis was cor- 
ected in (c), but (of) represents a still better diagram. In (e) and (f), ignition 
vas so late that the comparatively high piston speed kept the pressure down, and 
he work area was small. It is evident that too early a point of ignition causes a 
)ackward impulse on the piston, tending to stop the engine. Even though the 
nei'tia of the fly Avheel carries the piston past its “dead point.” a lame amount of 
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IGNITION 16 9b EARLY 



IGNITION 12<7o early 


IGNITION S(/o late 


IGNITION lOCb LATE 


Fig. 140. Art. O-L— 'I L.o of I;;;.:.!..... 

(From Poole's “ The Gas Engine,” by p(Tmission of the Hill Publishing Company.) 







suggested, light loads (where governing is cffeetcd by Ihnddling tin' supply.) (inii. 
weak mixtures call for early ignition. Fig. 140a, based on b'sts of .a naluriil gas 
engine reported by Poole, eliows the effect of a simultaneous vaxynig of mixture 
strength and ignition point. The .splitting of each curve* at i(s hdt-h.and emd is 
due to the use of two mixture strengths at 10 per cent ignition advaiua*. 


323. Methods of Ignition. An early method for igniting the, gas was to uso 
an external flame enclosed in a rotating chainlxu' which at pi'oper int(*rvals ojx'iu'd 
communication between the flame and the gas. 'I'liis arran.gi'inent was a])plical)le 
to slow speeds only, and some gas always escaped. In (sirly Otto engim's, the 
external flame with a sliding valve was msed at .speeds as high as 100 r. ]i. m. (-H). 
The insertion periodically of a heated plate, onci; ]ii’actie(‘d, was too umsM-tain. 
The use of an internal flame, as in the Brayton engine, was limited in its aitplicu- 
tion and introduced an element of danger. Belf-ignition by tin*, (citalytic action 
of compressed gas upon spongy platinum was not siillieieniJy ])ositive and r(diable. 
The use of an incandescent wire, electrically heated and nu'cdianicailly brought 
into contact with the gas, was a forerunner of inode.rn ehuttrieal methods. 'I'lie 
“hot tube” method is still in fretpumt useg ])artienlarly in Fmgland. This in- 
volves the use of an externally heated refractory tube, wliieh is exposed to the gas 
either intermittently by means of a timing valv(‘, or continuously, ignition Is-ing 
then controlled by adjusting the position of the external ilanu!. In tins Ilornsby- 
Alcroyd and Diesel engines, ignition is self-indu(!(nl by oompnissiou alom; ; but 
external heating is necessary to start these engines. 


What is called “automatic ignition” is illustrated in Fig. t.'il. Here the ('xk'rnal 
vaporizer is constantly hot, because unjackoted. The lici'.ud fuel is .s])rayed into tin; 
vaporizer chamber. Pure air only is taken in by the ('iigim* during its suction 
stroke. Compression of this air into the vaporizer during the strokt; next succeeding 
brings about proper conditions for self-ignition. 

323. Electrical Methods. The two modern oloctrical imTliods iirc) 
the make and break ” and “ jump .spark.” In tlie former, an ('hu'trh^ 
current, generated from batteries or a small dynamo, is pa.s.siul through 
two separable contacts located in the cylinder aiul coniumti'd in serii's 
with a spark coil. At the proper instant, the contacts are si'paratc'd 
and a spark passes between them. In the jump spark .systiun, an 
induction coil is used and the igniter points ani stationary and from 
0.03 to 0.05 in. apart. A series of sparks is thrown betwc'c'ii tlumi when 
the primary circuit is closed, ju.st before the end of tlu^ compres.sion 
stroke. Occasionally there are used more than one set of igniter points. 
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amount oi dissociation. 


increasing specific heat at high temjieratiire. 



gases is lower than that 
I'cct gas; and in many cases the actual adiabatic, plotted for the 
d be ahonc tlie determined expansion line, as should normally be 
e of after burning. The presence of explosion waves (Art, 319) 
shape of the expansion curve, as in Fig. 142. The equivalent 
lotted as a mean through the oscillations. Care must be taken 
these vibrations with those due to the inertia of the indicating 
instrument. 


\ 326- The Exhaust Line. This is 

shown to an enlarged vertical scale, 

as (5)6’, Fig. 137. “Low spring” dia- 

grams of tliis form are extremely iise- 

IG. — Delayed Exhau.st Valve j , a • ' i 

„ . till. As engines wear, more nr less 

Opening. ® ’ 

“ lo.st motion ” becomes jireseiit in Die 
gear, and tlie tendency of this is to vary the instant of opening 
iilet or the exhaust valve. The effect of delayed oneniiur of the 








is always a loss of this kind, more or less i)rononne('(l : th(; expansion ratio is 
never quite equal to the compression ratio. The. exluuusl, valve begins to open 
< when Ihe (expansion stroke is 

only from SO to OS ])er (!ent 
\ TUib— — eomiiletnd. In mult i])le cylinder 

/' engines having common exhaust 

and sucl.Kin mams, early exhaust 

from one eylimh’r may jiroduce 

a ris(' of iirc'ssure. during the 

Fig. Iht. Art. 32C. -Throttled Exhaust Passages. 

of another. Obstructions to suction and discharge' movements of gas are (!om- 
monly cla.ssed together as "fluid friction.” This may in small engines timount to 


Fig. 144. Art. 32C. — Throttled Exhaust Passages. 


as much as 30 per cent of the 
power developed. In good 
engines of large or moderate 
size, it should not exceed 6 
per cent. It increases, pro- 
portionately, at light loads; 
and possibly absolutely as 
well if governing is effected 



by throttling the charge. Pm. 14 j. Art. 32(1. — Exhaiust Valve Opening too Early, 


327. Scavenging. To avoid the presence of burnt gases in the cdotir- 
ance space, and their subsequent mingling with tlio fresli charge, “scav- 
enging,” or sweeping out these gases from the cylinder, i.s sometinics jirac- 
ticed. This may be accomplished by means of a sc])arate air pnnij), or by 
adding two idle strokes to the four .strokes ol; tin', Otto eyede. In the 
Crossley engines, the air admission va.lve was opened before tbe gas valve, 
and before the termination of the exhaust stroke', lly using a long ex- 
haust pipe, the gases were discharged in a rather violent puff, whi(!h pro- 
duced a partial vacuum in the cylinder. Tliis in turn caused a rush of 
air into the clearance space, which swept out the bniuit gases by tlio time 
the piston had reached the end of its stroke. S(!;i.vpnging decreases the 
danger of missing ignitions with weak gas, tends to ])revcnt pre-ignition, 
and appears to have reduced the cousumptiou of fuel. 

328. The Suction Stroke. This akso is .shown in Fig. 137, line cd. Tlui (’ffeet 
of late opening of the valve is shown in Fig. I'Ki; that of au obstructed passage 
or of throttling the .supply, in Fig. 

147. If the ojtening i.s too early, 
exhaust gase.s Avill enter the supply 
pipe. If clo.sure is too early, the 
gas Avill expand during tlie re- 




as in Fig. 148. Excessive obstruc* 
tion in the suction passages de- 
creases the capacity of the engine, 
in a way already suggested in the 
study of air compressors (Art. 224). 

329. Diagram Factor. The 

discussion of Art. 309 to Art. 
328 serves to show why the 
work area of any actual dia- 
gram must always be less than 
that of the ideal diagram for 
the same cylinder, as given in 
Fig. 122. The ratio of the 
two is called the diagram 
factor. The area of the ideal 




Fiti. 148. Art. 328. — Lute Closing of 
Suction Valve. 


card would constantly increase as 
compression increased ; that of the actual card soon reaches a limit 
in this respect; and, consequently, in general, the diagram factor 
decreases as compression increases. Variations in excellence of 
design are also responsible for variations of diagram factor. 




ordinary practice, the values given by Liicke (30) are as follows: foi' 
kerosene, if previously vaporized and compressed, 0 30 to 0.40, if inj('ct('(l 
on a hot tube, 0.20; for gasoline, 0.25 to 0.60; for producer gas, O.Jfi to 
0.56; for coal gas, 0.45; for carbureted water gas, 0-45; for blast furnace 
gas, 0.30 to 0-48; for natural gas, O. 4 O to 0.62. These figurc?s are for foui- 
cycle engines. For tivo-cgcle engines, usual values art', about 20 per cent 
less. Figure 149 shows on the PV and entropy planes an actiuil indica- 
tor diagram with the corresponding ideal cycle. 

Some of the highest mean effective pressures oldaintid in practi(!o 
with various fuels, tabulated by Poole, have been charted in Fig. 1 ISt;., 

I T 


Fig. 14:0. Art. 329. — Actual and Ideal Gas Engine Diagrams. 




Modified Analysis 

329 a. Specific Heats Variable. Suppose /.• = (; + bt, l = a-\-bt, B = 7c-l 
■ c— a. For a differential adiabatic expansion 

Idt = —pdu, 

(a -f- bt)dt _ p dv 

t ~ ^ v’ 

t V 

Also, from = lit, pdv + vdj^ = lidt, + = whence 

V p t' 


( 1 ) 


c log, ?; + a logj) + U — constant^ 

c ht 

- log, V + log, H — ’ = constant, 
a a 

r ht 

g"- = constant, 


where e is the Napierian logarithmic base. 

Between given limits, the approximate value of n may be obtained as 
follows: from Equation (1), 

a log, ^ + &(i 2 - <i) = - R log, 


a log,^ + a log, + & {U - q) = - i? log, 

Px 'Wl ”^1 

a log , -^2 + (a q- 7 ?) log^ — t^). (2) 

Pi '^h 

If we assume an equation in the form p^Vi = 2 h'V 2 ' to be possible, then 

log,■^ = 9^ log,^. 

7^2 'Vl 

Substituting in Equation (2), 

(- an -i-a-i-R) log, - tn), 

'^1 


(- an + c) log, — % 

. '^1 

c — Q 

^ a logg — 

Vi 

The external work done during the expansion is 



J"(a + bt) clt = — a (tz — i^i) — I (t2^ — ii), or 

2hV i -]hV2 
n — 1 ^ 


(3) 


where n has the value given in Equation (3). 

We may find a simple expression for n by combining these equations : 


PiUi - P 0 V 2 ^jih. 


— a (ti — + - (^1 — ^2) {k + ^2); 



in whicli - (t. 1,) = log, ( = log, f — a relation obtained 

a KPolhJ VohJ 

by dividing the equation of the path bfhy that of the ]iath erl 

Following the method of Art. 169, the gain of entroj^y between the 
states a and 6 is, for example. 


= '>!„= + ’’ob 



= r(a + 6()^+ fCc+W)^, 

c/a t ^'0 Z 


= a log, ^ + 6(f, - g + c log, ^ - g, 

<'o 

= a log,-?^ + clog,!^ + &(ib-0. 

Pa ^a 

If we apply an equation in this general form to each of the constant 
volume paths e&, df Fig. 122, we find 


a log,^ + = a log,^ +b(f^ - 1^), 

I'd 


as already obtained. 


~ tMs Q> 

veV/ 


0 U 

329 &. Application of the Equations. The expression y)v“e“ = con- 
stoi is exceedingly cumbersome in application excepting as t is employed 
independently. If t is to be assumed, however, we may write 

+ - log, v-\-—=z log, constant, 
a a 

log,yi + - (log, R + log, t — log, p) 4- — = log, constant, 

^ a 

— -- - log,|) -J- - (log, R + log, t)-\‘~=i log, constant. 

. _ a 


pyaga = 100 X 144X 1X2.7183°-°^^= 15030. 


a — c 


a 


0.1620-0.23327 

0.1620 


-0.411; 


c 0.23327 
a 0.162 


= 1.44; log«E = 3.97. 


Let ^2=200. Then --^ = 0.0327, log,i 2 = 5.3, -(logei? + logei 2 ) = 13.32, 
a a 

— - rog« p2 = logc 15030- 13.32-0.0327 = 9.61-13.35= -3.74, loge p2 
0 / 

= 8.48, log p 2 = 3.685, p 2 = 4S45 lb. per square foot =33.63 lb. per square 
inch. Also 


For ^=1.44 = 


E^2^ 53.36X200 
P2 4845 


2 . 21 . 


/a2^\ 

\ U.162 J. 

V 


vi U/ \-7oy ’ 

log p 2 = 2+ (3.27 X -0.131) = 1.571, 
p 2 = 37.23 lb., per square inch. 


and V 2 =-— = = 1.99. Proceeding in this way, we plot the two 

y2 3 <'.23 XI 44 

curves as required. The y curve is the steeper of the two, and for 
expansion to a given lower temperature reaches a point of considerably 
less volume. 

By Equation (3), for the upper of the two curves, between 
Pi =100, fi=270, vi = l, and P2=3.32, is = 100, ?;2 = 11.14, 


n=1.44- 


0.0000265X170 


0.162X2.3 log 11.14 


= 1.44- 


0.00451 


= 1.43, 


0.39 


0.162 + 




- X 670 


a fairly close check value. If we take at 50 ]]). p-'r h iian^ inch, ami 
ti at 135° absolute, instead of the conditions given, w(', have', 

c ht 

pv^e- = 50 X 144 X 1 X 2.718;5'’"-“= 7360. 

If we let = 100°, ^:^ = 0.01635, log,/, = 4.6, - (log, /^ + log„/„) = 12.3, 
a (6 

log,i? 2 =log, 7360 -12.3 - 0.01635 = -3.42, lug,, =7.75, log /)o=3.37, 
i73 = 2342, Vi = = 2.278, 


a — c 


or 


71 = 1.44 

71 = 1 + 


334-2 
0.0 0 00265 X 35 
0.162 X 2.3 log 2.278 
53.36 - 778 


0.162 + f 


0.0000265 

V 2 


X235 


= 1.43, 
1.42. 


The value of 7i is thus about the same for this curve as fur that formerly 
considered, and (approximately), in Fig. 122, 

hji 

ie i'd 

If this relation were exact, the efficienc.y of an Otto cycle would be 
expressed by the same formula as that which holds avIuui the specilio 
heats are constant. In Fig. 124, the efficiency of the strip cycle rpnvp is 

ino tj 

t t t t 

efficiency of the whole cycle dc+/'is 

h tg tf. 

Fora path of constant volume, in Equation (5), — = 4 ^ j^,iq 

the gain of entropy is ' « Pa. K 

fdog,i+5(^,-g, or 


( 6 ) 


In the case under consideration, — 270, i,, = 135, a = 0.162, 
h = 0.0000265, so that Equation (6) gives for the path eh, 

0.162 X 2.3 log + (0.0000265 x 135) = 0.1122 + 0.0036 = 0.1158. 

If in Fig. 122 the temperature at d is 100°, we may write 

0.1158 = 0.162 X 2.3 log i + 0.0000265 (t, - 100) 

= 0.372 log U ~ 0.744 + 0.0000265 - 0.00265, 
log + 0.0000712 tj = 2.32, 

from which is, nearly, log-^2.32, and tj = 200°, about. In expanding 
from 270° to 200°, the volume increased from 1.0 to 2.21 ; in expand- 
ing from 135° to 100°, it increased from 1.0 to 2.28. We have computed the 
change of entropy from p = 50, u = 1, i = 135, to 2? = 100, u = 1.0, ^ = 270, 
as 0.1158. This must equal the change from 2 ) = = 16.85, J = 100, 
v = 2.28, to p = 33.6, v = 2.28, i—? Now for p = 33.6, v = 2.21, it was 
found that ^ = 200. Adiabatic expansion from this point to the greater 
volume 2.28 means tliat must be slightly less than 200°; but a very 
slight change in temperature produces a large change in volume since the 
isothermals and the adiabatics nearly coincide. 


Gas Engine Design 

330 . Capacity. The work done per stroke may readily be computed for the 
ideal cycle, as in Art. 293. This may be multiplied by the diagram factor to 
determine the probable performance of aii actual engine. To develop a given 
power, the number of cycles 2.>t:r minute must be established. Ordinary piston 
speeds are from 450 to 1000 ft. per aninute, usually lying between 550 and 800 ft., 
the larger engines having the higher speeds. The stroke ranges from 1.0 to 2.0 
times the diameter, the ratio increasing, generally, with the size of the engine. 
A gas engine has no overload capacity, strictly speaking, since all of the factors 
entering into the determination of its capacity are intimately related to its effi- 
ciency. It can be given a margin of capacity by making it larger than the 
computations indicate as necessary, but this or any other method involves a con- 
siderable .sacrifice of the economy at Jiornial load. 

331 . Mean Effective Pressure. Since in an engine of given size tlie extreme 
volume range of the cycle is fixed, the mean net ordinate of the loork area measures 
the capacity. The quotient of the cycle area by the volume range gives what is called 
the mean effective pressure (m. e. p.). In Fig. 122, it is ehfd -e(Fi— E). We 



without allowance tor diagram lactor, 




332. Illustrative Problem. To determine the cylinder dimemtions of a four-cycle, 
two-cylinder, double-acting engine of 500 hp., ueing producer gas (assumed to contain 
CO, 394; N, 60; H, 0.6; parts in 100 by weight) (Art. 335), at 1.60 r.p. m. and a 
piston speed of 325 ft. per minute. 

We as.sume (Fig. loO), 7-’^ = 12, P.^ — 141.7, = 200''’ F., and diagram lactor 

= 0.48 (Arts 312, 329). 


V /P,\v /11‘l 

Since if = Po TV, j = j == 5.9. Let tlie piston dnsplace- 


ment F^ - V‘i = D. Then F^ = 0.204.5 D and T''^ = 1.2045 74. Tlie clearance is 


S = (A.. 3.4)., A>.„ 


D V • “ ^ - j,^y^ j.j ^ 

absolute. The heat evolved per pound of the mixed gas (taking the calorific 
Avalue of hydrogen burned to steam as 53, lOO) is (0.394 x 4315) + (0.000 x 53,400) 
= 2021 B. t. u. The products of com- p 
bustion consist of x 0.304 = 3. 

O.GlQlb.of COo (specific heat= 0.1092), \. 

0.006 X 9 = 0.054 lb. of HnO (steam, x. 

specific heat 0.37), and (0.019 -- 
0.394)= 0.751 lb. of IST accompanying 
the oxygen introduced to burn the 

CO, with (0.054- 0.00G)i' = 0.1007 lb. ]' 

of 1ST accompanying the oxygen in- 

troduced to burn the H ; and 0.00 lb. ^ 

of 1ST originally in the ga.s, making a 

total of 1.5117 lb. of N (.specific heat — — ^ 

0.1727). To raise the temperature of ^S.r(.s. ])L'Kigii of (!as 

these constituents 1° F. at constant hmgine. 

volume recpiires (0.019 x 0.1092) ■+ (0.0.54x0.37) + (1.5117 x 0.1727) = 0.3819 
B. t. u. Adding the heat required for the clearance gases always iircscnt, this may 
be taken as 0.3849 X 1.2045 = 0.464 B. t. u. The rise in temiu'ratun' 7h — T.^ is 
then 2021 -= 0.464 = 4370°, and T'j = 4370 -j- 1357 = 5727° ab.solutc. Then 


-Design of (!as 


p pF, ,.,.5727 

Pa = Pi7pr= 144.u7rr.= = 613, 


P4 = P, 


“144.7 


* While the use of a “blanket ” diagram factor as in this illustration may be justi- 
fied, in any actual design the clearance at least must b(! a.scertained from the actual 
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The work per cycle is 
2 / - 1 

s.o/;q pf (613 X 0.2045) - (50.9 x. 1.2015) -(144.7 x 0.2045) + (12 x 1.2045) 1 
L 0.402 J 

=8410 Dfoot pounds. 

In a two-cylinder, four-cycle, double-acting engine, all of the strokes are work- 
ing strokes ; the foot-pounds of work per stroke necessary to develop 500 hp. are 

“ 55,000. The necessary piston displacement per stroke, D, is 

55,000 -j- 8410 = 0.52 cu. ft. The siro/ce is 825 -t- (2 X 150) = 2.75 ft. or 55 fn. The 
piston area is then 6.52 2.75 = 2.37 sq. ft. or 342 sq. in. The area of the water- 

cooled tail rod may be about 33 sq. in., so that the cylinder area should be 342 
-h 33 = 375 sq. in. and its diameter consequently SI. 8 in. 


333. Modified Design. In an actual design for the assumed conditions, over- 
load capacity was secured by assuming a load of 000 hp. to be carried with 20 per 
cent excess air in the mixture. (At theoretical air supply, the jjow'er developed 
should then somewhat exceed 600 hp.) The air sup^oly per pound of gas is now' 


[(0.394 X If) -f (0.006 X S)] W x 1 .2 = 1.422 lb. 


Of this amount, 0.23 x 1.422 = 0.327 lb. is oxygen. The products of combustion 
are x 0.394 = 0.619 lb. CO.^, O.OOG x 9 = 0.054 lb. rijjO, (1.422 - 0.327) -f 0.60 
= 1.693 lb. N, and 0.327 — (1| x 0.394) — (S x 0.006) = 0.054 lb. of excess oxygen ; a 
total of 2.422 lb. The rise in temperature Tj— 2\ is 


2021 1.2045 


(0.619 X 0.1692)J-h (0.054 X 0.37) -b (1.693 X 0.1727) -f (0.054 X 0.1551) 
Then Tz = 3950 -f 1357 = 5307° absolute. 


- 3950°. 


Pz = PaS = 144.7????- = 569, Pi = Pi~ = 12: 


■Tz 


1357 


144.7 


= 47.2, 


and the work per cycle is 

[ 


^ r(569 X 0.2045) -(47.25 X 1.2045) -(144.7 X 0.2045)' -f» (12 X 1.2045)"i 

144 X 0.48 D I ^ 1 


=7630 D foot-pounds. 


The piston displacement per stroke is 


600 X 33000 
2_X 150 X 7630 


= 8.65 cu. ft., the cylinder 


area is (8.65 2.75)144 -t- 33 = 4S6 sq. in., and its diameter S4-9 in. The cylinders 

were actually made 231 by 33 in., the gas composition being independently assumed. 



Lie i, ing. iou, J j y-'j = iiy, Avlieiice 

r = ^ OnO-O X 14.7 X ;n.38 ^ ^ 

^ Pi'I], 12 X 491.G ■“■ 

n displaces 8.65 X 300 = 2595 cu. ft. of this mixture per minute. The heai 
er minute is then 2021 X (2595 -r 51.2) = 102,Ji.00 R. 1. u. The work done 

g is = 25,500 B. 1. u. The efficiency is then 25,500 ■= 102,400 

An actual test of the engine gave 0.282, with a load somewhat under 

rr,. 1 ro ■ ■ 1357 — 0.59.6 rv * 

The Otto cycle efficiency is -yr^;= = 0.516.* 


Automobile Engine. To ascertain the prohahle capacity and economy of a 
der, four-cycle, sinyle-actiny yasoline enyine with cylinders i^y 5 in., at 


ig. 150, assume P, = 12, P., = 84.7, Ty = 70° F., diagram factor, 0.375 
3, 329). As.suuie the heating value of gasoline at 19,000 B. t. u., and its 
on as CJTyy-. its vapor den.sity as 3.05 (air = 1.). Let the theoretically 
quantity of air be supplied. 

iigine will give two cycles per revolution. Its active piston displacement 


7854 X (4^)^ X 5 


X 3000 = 145.5 cu. ft. per minute, which may be repre- 


1728 

Fj — Vn, Fig. 150. We now' find 

= 0.2495 ; V 2 = 0.2495 7i ; 0.7505 Fi = 145.5 ; Fi = 194 ; Fa = 48.5 ; 


36 = = 0.334 (Art. 324) ; T, = 

145.5 


84.7 X 48.5 X ,529.6 
12 X 194 


= 936° absolute. 


one pound of gasoline there are required 3.53 lb. of oxygen, or 15.3 lb. 
For one cuhic foot of gasoline, Ave must supply 3.05 x 15.3 =46.6 cu. ft. 
rhe 145.5 cu. ft. of mixture displaced per minute must then consist of 


! actual efficiency Avill always be less than the product of the Otto cycle 
by the diagran? factor. Thus, let the actual cycle be described as 1234, 
and let the corresponding ideal cycle be 123'4'. The efficiencies are, 

ly, 

and ■ 

KTs-T.) l{Ts'-T,) 

quotient 1234 = 123'4' = the diagram factor. Then write 


123'4' 


1234 

KT,- Ttf 


KT;'- 1\) 


X diagi’am factor x M = 


pressure. 


The specific volume of air at this state is 


491.0 X 12 


16.08 


cu. ft.; that of gasolene is 16.38 -f- 3.05 =5.37 cu. ft. The iveigJit of gasoline 
u.se.rl per minute is then 3.00 -i- 5.37 = 0.571 lb. The lieat used per minute is 
0.571 X 19,000 = 10,840 B. t. u. The combustion reaction may be written 


CcH,,, + Oi9 = 6C02 + 7H,0 
86 + 304 = 204 + 126 

= 3.06 lb. CO2 per lb. C,,rii4 
Vfi'* = T35 lb. HijO per lb. Cull,^ 

1^- X = 11.82 lb. N per lb. C,dl„ 

16.23 = 1. + 15.3, approximately. 


The heat required to raise the temperature of the products of combustion 1° F. is 
[(3.06 X 0.1692) + (1.35 X 0.37) + (11.S2 X 0.1727)] 0..571 = 1.746 B. t. u. per 
minute. Adding for clearance gas, this becomes 1.746 X 1.334 = 2.327 B. t. u. 
The rise in temperature T3 — T« is then 10,840 4- 2.327 = 4660°, Tz = 4660 + 936 


.5596 .508 

= 5596° absolute, P3 = theawA- iter min- 

uie u .1,200,000 

1,200,000 


foot-pounds. This is equivalent to 


778 


— 1540 B. t. u. per minute or to 


= 36.S horse power. The efficiency is 1540 4- 10,840 = 0.14^- In an auto- 

mobile running at 50 miles ])er hour, this would corre.spond to 50 4- (0.571 X 60) 
= 1.46 miles rim per pound of gasoline. In ] ractice, the air supply is usually incor- 
rect, and the power and economy loss than those computed. 

■■ It is obvious that with a given fuel, the diagram factor and other data of 
assumption are virtually fixed. An approximation of the power of the engine may 
then be made, based on the piston displacement only. This justifies in some 
measure the various rules proposed for rating automobile engines (30 a). One 

of these rules is, brake hp. = — , where n is the number of four-cycle cylinders of 

2.5 

diameter d inches, running at a piston speed of 1000 ft. per minute. 


Current Gas Engine Forms 

336. Otto Cycle Oil Engines. This class include.s, among many others, the 
Mietz and Weiss, two-cycle, and the Daimler, Priestman, and Hornsby-Akroyd, 
four-cycle. In the last-named, shown in lUg. 151, kerosene cil is injected by a 
small pump into the vaporizer. Air is drawn into the cylinder during the suction 
stroke, and compressed into the vaporizer on the compression stroke, where the 
simultaneous nresence of a critical mixture and a high temi'ieraturo produces the 



jjartially throttling the charge of oil, thus weakening the mixture and the force of 



Fig. ISl. Arts. 322, 336. — Kerosene Engine with Vaporizer. 

(From " The Gas Engintj,” by Cecil P. Poole, with the permission of the Hill Publishing Company.) 


the explosion. The oil consumption may be reduced to less than 1 lb. per brake hp. 
per hour. 

In the Priestman engine, an earlier tyjie, air under jiressure sprayed the oil 
into a va|)ori/.er kept hot by the exhaust gase.s. The inetliod of governing was to 
reduce the cpiantily of charge without changing its proportions. A hand pump 
and external heat fur the vaporiz(ir were necessary in starting. An indicated 
thermal clliciency of O.Ui.j has been obtained. The Daimler (German) engine 
n.scs hot-tubo ignition witliont a timing valve, the hot tube serving as a vaporizer. 
Exti’aordinarily high .speeds are attained. 

337. Modern Gas Engines : the Otto. The present-day small Otto engine is ordi- 
narily single-cylinder and single-acting, governing on the “liit or miss” principle 
(Art. 34.3). It is used with all kinds of gas and with gasoline. Ignition is elec- 
trical, the cylinder water jacketed, the jackets ca.st separately from the cjdinder. 
Tlie Foos engine, a .simpli!, conpiact form, often made portable, is similar in princi- 
ple, In the Crossley-Otto, a leading British typo, hot-tube ignition is used, and 




large units. Figure 1 ;j 2 shows the working side of a Uvo-cylinder, tandem, 
double acting engine, representing the inlet valves on top of tlie cylinders. 



Smaller engines are often built vertical, with one, two, or three single-acting 
cylinders. All of these engines are four-cycle, Avith electric ignition, governing 
by varying the rpiantity and proportions of the admitted mixture. Sections of 
the cylinder of the Riverside horizontal, tandem, double-acting engine are shown in 
Fig. h’lH. 'It has an extremely juassive frame. Tlie Allis-Chalmers engine is built 
ill large units along similar general lines. Thirty-six of the. latter engines of 
4000 hp. capacity each on blast furnace gas are now (1!)09) being constructed. 
They weigh, each, about 1,.')00,000 lb., and run atS3f r. p. m. The cylinders are 
44 by 54 in. Nearly all are to lie direct-connected to electric generators. 

339. Two-cycle Engines, In these, the explosions are twice as frequent as 
with the four-cycle engine, and cooling is consequently more difficult. 110111 an 
equal number of cylinders, single- or double-acting, the two-cycle engine of course 
gives better regulation. The first inijiortant two-cycle engine Avas introduced by 
(llerk in 18.S0. The jirinciple Avas the same as that of the engine shown in Fig. 119. 
The Oeclielhaueser engine has two single-acting pistons in one cylinder, Avliich are 
connected Avith ci-anks at 180", so l.hat they ali.eriiately approach toward and 
recede from each other. The engine frame is excessively long. Changes in the 
(liiantity of fuel supplied control the speed. The Koerting engine, a double-acting 
horizontal form, has two pumps, one for air and one for gas. A “scavenging” 
charge of air is admitted just ])ri()r to the entrance of the gas, sweeping out the 
burnt gases and acting as a cushion between the incoming charge and the exhaust 
])orts. The engine is built in large units, with electrical ignition and conipres.sed 




is four-cycle and runs at high speed. Starting is effected by foot power, which 
can be employed whenever desired. Tgnifcioii is electrical and adjustable. The 
speed is controlled by throDtling. Extended surface air-cooled cylinders have also 
been used on automobiles, a fan being employed to circulate ’the air, but the limit 
of size appears to be about 7 hp. per cylinder. Most automobiles have water- 
cooled cylinders, usually four in number, four-cycle, single-acting, running at 
about 1000 to 1200 r. p. m., normally. Governing is by throttling and by chang- 
ing the i)oiut of ignition. The cylinders are usually vertical, the jachet water 
being circulated by a centrifugal pump, and being used repeatedly. Both hot-tube 
and electrical jnethods of ignition have been employed, but the former is now 
almost wholly obsolete. The number of cylinders varies from one to six; occa- 
sionally they are arranged horizontally, duplex, nr opposed. Two-cycle engines 
have been introduced. The fuel in this country is usually gasoline. For launch 
engines, the two-cycle principle is popular, the crank case forming the pump 
chamber, and governing being accomi^lished by throttling. Kerosene or gasoline 
are the fuels. 

341. Alcohol Engines. These are used on automobiles in France. A special 
carburetor is employed. The cylinder and piston arrangement is sometimes that 
of the Oechelhaueser engine (Art. Ih’h)). The speed is controlled by varying the 
i:)oint of ignition. In launch applications, the alcohol is condensed, on account of 
its high cost, and in some cases is not burned, but serves merely as a working fluid 
in a “ steam” cylinder, being alternately vaporized by an externally applied gaso- 
line flame and condensed in a surface condenser. The low value of the latent 
heat of vaporization (Art. 360) of alcohol permits of “getting up steam” more 
I’apidly than is possible in an ordinary steam engine. 

342. Basis of EfELciency. The performances of gas engines may be compared 
by the cubic feet of gas, or pounds of liquid fuel, or pounds of coal gasified in the 
producer, per horse power hour ; but since none of these figures affords any really 
definite basis, on account of variations in heating value, it is usual to express the 
results of trials in heat units consumed per horse power per minute. Since one horse 
power etpials 33,000 -r- 77S — 42.12 B. t. u. per minute, this constant divided by the 
heat unit consumption gives the indicated thermal efficiency. In making tests, the 
over-all efficiency of a producer plant may be ascertained by weighing the coal. 
When liquid fuel is used, the engine efficiency can readily be determined separately. 
To do this with gas involves the measurement of the gas, always a matter of some 
difficulty with any but small engines. The measurement of power by the indicator 
is also inaccurate, possibly to as great an extent as 5 per cent, which may be reduced to 
2 per cent, according to Ilopkinson, by employing mirror indicators. This error has 
resulted in the custom of expressing performance in heat units consumed per brake 
horse power per hour or per kw.-hr., where the engines are directly connected to 


343. Typical Figures. Small oil or gasoIiiK’. (mgini'.s iniiy (!a.sily show 10 per 
cent brake efficienc}'. .Vleoliol engines of small sizii coiisume less ilian J ]il. pei 
brake hp.-hr. at fall load (d’i). A well-adjusted ( )Lto engine, has given an indieate.d 
thermal efficiency of 0.10 with gasoline and 0.123 with kero.seiK'. (ffil). Ordinary 
producer gas enginr.s of average size under test conditions have, repeatedly sliowu 
indicated thermal effici<mcies of 25 to 2!) per cent. A (locke.rill engine gav(', .50 per 
cent. Hubert (31) tested at Seraing an engine showing nearly 32 per land. indicated 
thermal efficiency. Mathot (3.)) rejiorts a test of an I'jlirhai'dt and Le.liiner doiiblc^- 
acting, four-cycle 000 hp. engine at Ileinitz wliicli reaelnal nea.rly -IS per cent. A, 
blast furnace gas engine gave at full load 25. 1 per c(*.nt. Ex])r(!ssed in jionnds of 
coal, one plant with a low load factor gave a kilowatt-hour jier l.S lb. In anotlu'r 
case, 1.59 lb. was reached, and in another, 2.07 lb. of wood pe.r kw.-hr. 1 1 is common 
to hear of guarantees of 1 lb. of coal per Imake hp.-lii'., or ol 11,000 15. t. n. in gas. 
A recent test of a Crossley engine, is reported to havi* shown the resnil 1.13 Ih. ol 
coal per kw.-hr. Under ordinary running conditions, 1.5 to 2.0 lb. with varying 
load may easily be realized. These latter ligures are (d eour.se. lor eoal hunu'd in 
the producer. They rcpre.sent the joint oflicieiicy of the engine, and the ])rodue('r. 
The best results have been obtained in Uermany. .For the engine alone, Sidiroter 
is reported to have obtained on a (iuldner (mgiiie an indicated thermal e.iHci(me.y of 
0.427 at full load with illuminating gas (3(1). 

The efficiency cannot excised that of the ideal Otto cycle. Tn one lest of an 
Otto cycle engine an indicated llierniivl elUciency of 0.37 was obtained, while 
ideal Otto efficiency Avas only 0.41. Tlie engine was thus within 10 iier (!(mt of 
perfection for its cycle.* 

The Diesel engine has given from 0.32 to 0.412 indica.i.(‘d thermal enieieney. 
Its cycle, as has been shown, peimiits of higher ellieicmey tha.n tliat of Otto. 

344. Plant Efficiency. Figtires have h(‘en givim on eoal consnm])tion. Over- 
all efliciencies from fuel to imlicaled work have ranged from 0.14 upward. At tlm 
hlascliiiienfabrik Winterthur, a consumption of 0.7 lb. of coal (13,850 15. t. n.) pei' 
brake bp.-hr. at full load has been reported (37). This is closely paralleled liy tlie 
0.285 indicated plant efiiciency on the (Iuldner engiiu; mentioneil in Art. :513 when 
operated with a .suction proilneer on anthracite eoal. At (he Royal Foumliy, 

urtemburg (38), 0.78 lb. of anihraeite were burned p(‘r lli[).-br., and at (In', 
Imperial Post Office, llanibnrg, 0.93 lb. of coke. In tlie best, (mgiiu's, \'ariations of 
efficiency with reasonable changes of load lielow the normal have been greatly 
reduced, largely by impiuved metliods of governing. 

345. Mechanical Efficiency. The ratio of work at the brake t.o «c/ indicated 
work ranges abmit (he same for gas as for steam engines having tlie same arrange- 
ment of cylinders. ATien mechanical efficiency is nnderstood in l.iiis sense, its 

+ At the present time, any reported efticieiicv much above 30 nor cent should be 
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value is nearly constant for a given engine at all loads, decreasing to a slight 
extent only as the load is reduced. In the other sense, suggested in Art. 342, i.e. 
the mechanical efficiency being tlie ratio of work at the brake to gross indicated 
work (no deduction being made fur the negative loop area of Fig. 136), its value 
falls off sharply as the load decreases, on account of tlie increased proportion of 
"fluid friction.” Lucke gives the following as average values for the mechanical 
efficiency in the latter sense; 


ICNfilNI', 

MkCHANICAI. EI'TICIBNCV 

AT Full Load 

Large, 500 Ihp. and over, 

Medium, 25 to 500 Ihp., 

Small, 4 to 25 Ihp., 

Four-cijcle, 

Tii'o-c.tjcla 

0.81 to O.SG 
0.70 to 0.81 
0.74 to O.SO 

0.03 to 0.70 
0.04 to 0.00 
0.03 to 0.70 


The friction losses for a single-acting engine are of course relatively greater 
than those for an ordinary double-acting steam engine. 

346. Heat Balance. The principal losses in the gas engine are cine to 
the cooling action of tho jacket water (a necessary evil in present prac- 
tice) and to the heat carried away in the exhaust. The arithmetical 
means of nine trials collated by tho writer give the following percentages 
representing the disposition of the total heat supjdicd: to the jacket, 
40.52; to the exhaust, 33.15; work, 21. S7; unaccounted for, 6.23. 
Hutton (40) tabulates a large number of trials, from which similar 
arithmetical averages are derived as follows: to the jacket, 37.96; to the 
exhaust, 29.84; work, 22.24; unaccounted for, S. 6 . In general, the 
larger engines show a greater proportion of heat converted to work, an 
increased loss to the exhaust and a decreased loss to the jacket. In 
working up a “heat balance,” the loss to the exhaust is measured by a 
calorimeter, which cools the gases below 100° F. The heat charged to 
the engine should therefore be based on the “ high” heat value of the 
fuel (Arts. 561, 561«). The ‘‘ work ” item in the above heat balance is 
indicated work, not brake work. 

Unlike the jacket water heat (Art. 352) , the heat carried off in the exhaust gases 
is at fairly high temperature. There would be a decided gain if this heat could be 
even partly utilized. Suppose the engine to have con.sumed, per hp., 10,000 B.t. u. 
per hour, of which 30 per cent, or 3000 B. t. u., passes off at the exhaust. At 80 



347 . Entropy Diagram. When the PV diagram is given, points may be trans- 

ferred to the entropy plane by the formula nj,— ??a = /c loge — iloge — (Art. 

V a ^ a 

169). The state a may be- taken at 32° F. and atmospheric pressure; then the 
entropy at any other state b depends simply upon Vb and Pb- To find Va, we 
must know the equation of the gas. According to Richmond, (41) the mean 
value of k may be taken at 0.246 on the compression curve and at 0.26 on the ex- 
pansion curve, -while the mean values of I corresponding are 0.176 and O.ISO. The 
values of R are then 778(0.246 — 0.176)= 54.46 and 778(0.260 — O.ISO) = 55.24. 
The characteristic equations are, then, PV = 54.46 T along the c.ompression curve; 
andPF = 55.24 iT along the expansion curve. The formula gives changes of en- 
tropy per pozmd of substance. The indicator diagram does not ordinarily depict 
the behavior of one pound; but if the weight of substance used per cycle bo 
known, the volumes taken from the PV diagram may be converted to specific 
volumes for substitution in the formula. 

It is sometimes desirable to study tlie FF relations throughout the cycle. In 
Fig. 154, let ARC'D be the PF diagram. Let /CF be any line of constant volume 
intersecting this diagram at 6-', IL By Charles’ law, 7'a ■■ Tji :: Pii- The 



Fig. 154. Art. 347. — Gas Engine TF Diagram. 


ordinates JG, JH may therefore serve to rejiresent teinperatnr(!s as well as pres- 
.sures, to some scale as yet undetermined. If the ordinate JG represent leiujirrd- 
ture, then the line OG is a line of constant pressure. Let the pressure along this 
line on a TV diagram be the s.amp. as tlmt nlnnn- Tn r,,. '-i-'i,.,,. 


points on the coi-responding TV diagram. The scale of T i.s determined from 
the characteristic equation; the value of R may he taken at a mean between 
the two given. A transfer may now be made to the NT plane by the aid of the 

equation % — = Z loge + (/u — ^)logg ^ (Art. 169), in which 7 „ = 491.6, 

a y Q, 


Va = 


54.46 X 491.6 
2116.8 


= 12.64. 


Figure 155, from Reeve (42), is from a similar four-cycle engine. The enor- 
mous area BACD represents heat lost to the water jacket. The inner dead center 
of the engine is at x ; thereafter, for a short 
period, heat is evidently abstracted from the 
fluid, being afterward restored, just as in the 
case of a steam engine (Art. 461), because 
during expansion the tempei’ature of the gases 
falls below that of the cylinder walls. This agrees 
with the usual notion that most of the heat is 
discharged to the jacket early in the expansion 
stroke. It would probably be a fair assumption 
to consider this loss to occur during as 

far as its effect on the diagram is concerned. 

Reeve gives several instances in which the 
expansive path resembles xBzD; other investi- 
gators find a constant loss of heat during expan- 
sion. Figm-e 156 gives the PV and NT dia- 
grams for a Hornsby-Akroyd engine; the expan- 
sion line be here actually rises above the iso- 
thermal, indicative of excessive after burning. 

Fig. 155. Art. ^47. — Gas Engine 

348. Methods of Governing. The Entropy Diagram, 

power exerted by an Otto cycle engine 

may be varied in accordance with the external load by various 
methods; in order that efficiency may be maintained, the governing 
should not lower the ratio of pressures during compression. To ensure 
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this, variation of the clearance, by mechanical means or water 
pockets and outside compression have been proposed, but no practicably 
efficient means have yet been developed. The speed of an engine may 
be changed by varying the point of ignition, a most wasteful method, 
because the reduction in power thus effected is unaccompanied by any 
change whatever in fuel consumption. Equally wasteful is the use of 
excessively small ports for inlet or exhaust, causing an increased nega- 
tive loop area and a consequent reduction in power when the speed 
tends to increase. In engines where the combustion is gradual, as in 
the Braj^ton or Diesel, the point of cut-off of the charge may be changed, 
giving the same sort of control as in a steam engine„ 

■ Three methods of governing Otto cycle engines are in more or less 
common use. In the “ hU-or-mists” plan, the engine omits drawing in its 
charge as the external load decreases. One or more idle strokes ensue. 
No loss of economy results (at least from a theoretical standpoint), but the 
speed of the engine is apt to vary on account of the increased irregularity 
of the already occasional impulses. (Toverning hy changing the opart ions 
of the mixture (the total amount being kept constant) should apparently 
not affect the compression; actually, however, the compression must be 



Fig. 157. Art. 348. — Effect of Tlirottliiii 


fixed at a sufficiently low point to 
avoid danger of pre-ignition to the 
strongest probable mixture, and 
thus at other proportions the de- 
gree of compression will be less 
than that of highest efficiency. A 
change in the quantity of the mix- 
ture, without change in its xu’opnr- 
tions, by throttling the suction or 
by entirely closing the inlet valve 
toward the end of the suction 
stroke, results in a decided change 


of compression pressure, the superimposed cards being similar to those 


shown in Tig. 157, In theory, at least, the range of compression pressures 


would not be affected ; but the variation in propoidion of clearance gas 
present requires injurious limitations of final compression pressure, just 
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be made equal in eflorl, to the external load. If the load changes during 
the intervening revolution, the control will be inadequate. Gas engines 
tend therefore to irregularity in speed and low efficiency under variable 
or light loads. The first disadvantage is overcome by increasing the 
number of cylinders,, the weiglit of the fly wheel, etc,, all of which 
entails additional cost. The; second disadvantage has not yet been 
overcome. In most large power plant engines, both the quantity and 
strength of the mixture arc varied l)y the governor. 

350. Construction Details. The; irregular impulses characteristic of the gas 
engine and the liigh initial jn’cssui’cs attained require excessively heavy and 
strong frames. For anything like good regulation, the fly wheels must also be 
e.xcejjtionally heavjn For small engines, the bed casting is usually a single heavy 
piece. The ty])e of frame usually emifloyed on large engines is illustrated in Fig. 
152. It is in contact with the foundation for its entire length, and in many cases 
is tied together by rods at the top extending from cylinder to cylinder. 

Each working end of the cylinder of a four-cycle engine must have two valves, 
— one for admission and one for exhaust. In many cases, three valves are used, 
the air and gas being admitted scjjaratcly. The valves are poppet, of the plain 
disk or mushroom type, with beveled seats; in large engines, they are sometimes 
of the double-beat type, shown in Fig. 153. Sliding valves cannot be employed 
at the high temporiaturc of the gas cylinder.* Exhaust opening must always be 
under })ositive control; the inlet valv(!s may be automatic if the speed is low, but 
are generally mechanically oi)eratcd on large engines. -Albshould be finally seated 
by spring aclion, so as to avoid shocks. In horizontal four-cycle engines, a cam 
shaft is driven from an eecientric at half the speed of the engine. Cams or eccen- 
trics on this shaft operate each of the controlling valves by means of adjustable 
oscillating levers, a supplementary spring being empolyed to accelerate the closing 
of the valves. In order that air or gas may pass at constant speed through the 
ports, the cam curve must be carefidly proportioned with reference to the varia- 
tion in conditions in the cylinder (43). Hutton (44) advises proportioning of 
ports such that the mean velocity may not exceed 60 ft. per second for automatic 
inlet valvc's, 00 ft. for mccluuiictilly operated valves, and 75 ft. for exhaust valves, 
on small engines. 

351. Starting Gear. No gas engine is self-starting. Small engines are often 
started by turning the fly wheel by hand, or by the aid of a bar or gearing. An 
auxiliai’y hand air ])umi) may also be enqiloycd to begin the movement. A small 
electric motor is sometimes usi'd to drive a gear-faced fly wheel with which the 
motor i)inion meshes. In all (aises, f he engine starts against its friction load only, 
and it is usual to provide a method for keeping the exhaust valve open during part 
of the comi)rcssion stroke so as to decrease the resistance. In multiple-cylinder 
engines, as in automobiles, the ignition is checked just prior to stopping. A com- 


Gasoline railway motor cars arc often started by means of a smok('l(!ss powdcn- 
cartridge exploded in the cylinder. Modern large {'ni-ines arci start, ed by com- 
pressed air, furnished by a direct-driven or independent, ])um]), and stored in small 
tanks. Recent automobile practice has develni)ed t,wo mnv start,ing m(;t,hod,s: 

(a) By acetylene generated from calcium carbide and water undt'i- ])r(>ssurcs and 

(b) by an electric motor, operated from a storage l)at1nry which is cliarged while 
the engine is running. The same battery lights the car. 


352 . Jackets. The use of water-spray injection during {!xi)n,nsion has Inam 
abandoned, and air cooling is practicable only in small si/,('s (say, for dianu'tt'rs 
less than 5-inch). The cylinder, iiiston, inston rod, and va!v('s must, usually be. 
thoroughly water-jacketed.* Positive circulation must be provid('d, and llu^ water 
cannot be used over again unless artiftcially cooled. At a lu'at. eonsuinpt.ion of 200 
B. t. u. per minute per Ihp., with a 40 per cent loss to tlie ja.ek(’t., the tln'oreticad 
consumption of water heated from SO to 100° F. is exactly 1 lb. pc'r Ihp. jier minut.e. 
This is greater than the water consumption of a non-condensing stiaun i)lant, but 
much less than that of a condensing plant. The discdiarge wal('r from larg(\ engines 
is usually kept below 130° F. In smaller units, it ma,y leave t he jaekeds a,t as high 
a temperature as 160° F. The usual rise of temjxiraturn of Wiiter whik; ])a.ssing 
through the jackets is from 50° 1o 10.)° F. The circulation may be produced cither 
by gravity or by pumping. 


353 . Possibilities of Gas Power. The gas engine, at a eomparativ(dy early 
stage in its development, has sur])assed the best steam engines in thermal elll- 
ciency. Mechanically, it is less perfect than the, latter; !uid commereially it is 
regarded as handicapped by the greater reliabilitv, moi'o general liedd of apjdica- 
tion, and much lower cost (excepting, po.ssibly, in the. largest sizes f) of the steam 
engine. The use of producer gas for power eliminates the coal smoke. nulsaiKU' ; 
the stand-by lo.sses of producers are low; and gas may be stored, in small quanti- 
ties at least. The small gas engine is (piite economical and may bo ke[)t .so. 'I'lio 
small steam engine is usually wastefid. Tlie Otto cycle eiigiiui regulates badly, a 
disadvantage which can be OA'ercome at excessive cost; it is not self-stnrtiug ; tho 
cylinder must be cooled. Even if the mechanical neces.sity for jaekeling eonld be 
overcome, the same lo.ss would be experience, d, tlu>, heat being then carried off in 
the exhaust. The ratio of expan.sion is too low, causing exc(‘s,siv(; wa.ste. of heat 
at the exhaust, wdiich, however, it may prove possible to rce.laim. 'Flie lieat in tlui 
jacket water is large in quantity and low in tenq)eratiire, so that tliii -iiro!)- 
lem of utilization is coiifronteil with the second la,w of tliermodynamies. 
Methods of I’eversing have not ye.t been work(Ml out, and ]io important maidne 
applications of gas power have been made, although small produce.r plants have 
been installed for ferryboat service with clutch reversal, and compressed and 

* The piston need not be cooled in single-acting four-cycle engines. 

f Piston .speeds of large gas engines may exceed those of si, earn engin(\s. Unless 


stored gas has been used for driving river steamers in France, England, and 
Germany. 

The proposed combinations of steam and gas plants, tlie gas plant to take the 
uniform load and tlie steam units to care for fluctuations, really beg the whole 
question, of comparative desirability. The bad “characteristic” curve — low effi- 
ciency at light loads and absence of hona Jide overload capacity — will always bar 
the gas engine from some services, even where the storage battery is used as an 
auxiliary. Many manufacturing plants must have steam in any case for process 
work. In such, it will be dilflcult for the gas engine to gain a foothold. For the 
utilization of blast furnace waste, even aside from any question of commercial 
power distribution, the gas engine has become of prime economic importance. 

[A toi)ioal list of research problems in gas power engineering, the solution of 
which is to be desired, is contained in the Report of the Gas Power Research Com- 
mittee of the American Society of Mechanical Engineers (1910).] 

[See the Resiune of Producer Gas luvesligalions, by Fernald and Smith, Bulletin 
No. 13 of the United States Bureau of Mines, 1911.] 
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SYNOPSIS OF CHAPTER XI 


The Producer 

The importance of the gas engine is largely due to the producer procesn for making 
cheap gas. 

In the gas engine, comhnstion occurs in the cylinder, and the highest tem])erature 
attained by the substance determines the cyclic efficiency. 

Fuels are natural gas, carbureted and un carbureted Avater ga.s, cnal gas, coke oven 
gas, producer gas, blast furnace gas ; gasoline, kerosene, fuel oil, distillate, 
alcohol, coal tars. 

The gas producer is a lined cylindrical shell in which the iixed carbon is converted 
into carbon monoxide, while the hydrocariions are di.stilled off, the neee.ssary heat 
being supplied by the fixed carbon bnrning to CO. 

The maximum theoretical efficiency of the priKhicer making power gas is less than tlMt 
of the steam boiler. Either steam or exhaust gas fi’om tlie engine must be intro- 
duced to attain maximum efficiency. The reactions are complic.ated and partly 
reversible. 

The mean composition of producer gas, by volume, is CO, H).2; CO,., b.G ; II, lii.I ; 
CH4, C 2 I-I 4 , 3.1 ; N, 55.8. 

The '■'figure of merit is the heating value of the gas per pound of ciirbon contained. 


tr^.s’ Engine Cycles 

The Otto cycle is bounded by t'wo ndiahulics and two lines 0 / constant volwine j the 
engine may operate in either. tlie /on. r-.s'ro/re cycle or the tu'u-stroi’c cycle. 

In the two-stroke cycle, the inlet and exhaust ports are both open at once. 

In the Otto cycle, — = ^ and ' = Tf. 

P, P^ 7 ; Ta 


Efficiency = = 1 - f §' 


P. 




T, 


1 - 


V ; it depends soIeZy on ^7tc 


JLb 


extent of compression. 

The Sargent and Frith cycles. 

Efficiency of Atkinson engine {isothermal rejection of heat) = l— ^ loge — , 

Th — Tc Tf. 

higher than that of the Otto cycle. 

, 7 ’, - Ta 

Pf ~ Td '' i'f — Pd 

7 r/'~ 7 /) 7/) 7 d , 

y{Ti- IV) ~ Th- Pn ’ 

Pn ~ Pd 
Pa" 

A special comparison shows the Clerk Otto engine to give a much higher efiiciency XAmn 
the Brayton or Lenoir engine, but that tlie Brayton engine gi vcs'slightly the largest 
Avork area. 


Lenoir cycle : constant pressure rejectimi oi heat; efiicienry = X — v/ 

Pf 


Brayton cycle : combustion at comstanl pre.ssnre ; efiicien.cy 
or, Avith complete exixansion, 


:1 



The Diesel cycle: isothermal combustion; efficiency = 1 — 
as ratio of expansion decreases. 

The Diesel cycle : constant pressure combustion. 

The Humphrey internal combustion pump. 


yRTaloge^ 
' a 


increases 


Modifications in Practice 


The PV diagram of an actual Otto cycle engine is influenced by 

(a) proportions of the mixture, which must not be too weak or too strong, and 
must be controllable ; 

(&) maximum alloiouble temperature after compression to avoid pre-ignition; the 
range of compression, which determines Ihe efficiency, depends upon this as 
well as upon the pre-compression pressure and temperature ; 

(c) the rise of pressure, and temperature during combustion ; always less than 

those theoretically compxited, on account of (1) divergences from Chaides’ 
law, (2) the variable specific heats of gases, (!J) slow combustion, (4) disso- 
ciation ; 

(d) the shape of the expansion curve, usually above the adiabatic, on account of 

after burning, in spite of loss of heat to the cylinder wall; 

(e) the forms of the suction and exhaust lines, which may be affected by badly 

proportioned ports and passages and by improper valve action. 

Dissociation prevents the combustion reaction of more than a certain proportion of 
the elementary gases at each temperature within the critical limits. 

The point of ignition must somewhat precede the end of the stroke, particularly with 
weak mixtures. 

Methods of ignition are by hot tube, jump spark, and make and break. 

Cylinder clearance ranges from 8.7 to 5G per cent. It is determined by the compression 
pressure range. 

Scavenging is the expulsion of the burnt gases in the clearance space prior to the 
suction stroke. 

The diagram factor is the ratio of the area of the indicator diagram to that of the ideal 
cycle. 

Analysis with specific heads variable. 


Mean effective pressure = 


V- 1 



Va- Ve 


Gas Engine Design 



Otto cycle oil engines include the Mietz and Weiss, two-cycle, and the Daimler, Priest- 
man, and Ilornshy-Akroyd, four-cycle. 

Modern forms of the Otto gas engine include the Otto, Pons, Crossley-Otto, and 
Andrews. 

The Westinghouse, Piverside, and Allis-Chaliuers engines ai’c built in the largest sizes. 
Two-cycle gas engines include the Oechelhanescr and Koerting. 

Special engines are built for motor bicycles, automobiles, and launches, and for burn- 
ing alcohol. 

The basis of efficiency is the heat unit consumption per Imrse, power per minute. 

The mechanical efficiency may be computed from eitluu- gross or net indic.ated work. 
Becorded efficiencies of gas engines range up to 4'- -7 per cent; plant efficiencies to 0.7 
Ih. coal per brake hp. -hr. 

The mechanical efficiency increases with the size of the engine, and is greater with the 
four-stroke cycle. 

About 3S jier cent of the heat supplied is carried off by the jacket water, and about 
83 pier cent by the exhaust gases, in ordinary practice. 

The entropy diagram may be constructed by transfer from the PPor 7’ F diagrams. 
Governing is effected 

(rt) hy the hit-or-miss method; economical, but unsatisfactory fur speed regulation, 
Qj) by throttling, 

(c) by changing mixture piropiortions, 

In all cases, the governing effort is exerted too early in the cycle. 

Gas engines must hnve heavy frames and fly udieels ; exhaust valves (and inlet valves 
at high speed) must be mechanically operated by carefully designed cams; pro- 
vision must be made for starting ; cylinders and other exposed parts are jacketed. 
About 1 lb. of jacket water is required per Ihp. -minute. 

Gas engine advantages : high thermal efficiency; elimination of coal smoke nuisance ; 
stand-by losses are low ; gas may be stored; economical in small units ; desirable 
for utilizing blast furnace gas. 

Disadvantages : mechanically still evolving ; of unproven reliability ; less general field 
of application; generally higher first cost; poor regulation; not self-starting; 
cylinder must be cooled ; low ratio of expansion ; non-rcversible ; no overload 
capacity ; no available by-product heat for process work in manufacturing plants. 

PROBLEMS 

1 . Compute the volume of air ideally necessary for the complete combustion of 
1 cu. ft. of gasoline vapor, C„Hi 4 , 

2. hind the maximum theoretical efficiency, using pure air only, of a ijower igis 
producer fed with a fuel consisting of 70 per cent of fixed carbon and 30 per cent of 
volatile hydrocarbons. 


both wasteful. 



using specific volumes as follows: nitrogen, 12.75; hydrogen, 178.83; carbon mon- 
oxide, 12.75; marsh gas, 22.3. 

5. A producer gasifying pure carbon is supplied with the theoretically necessary 
amount of oxygen from the atmosphere and from the gas engine exhaust. The latter 
consists of 2S.4 per cent of C(h and 71. G per cent of N, by weight, and is admitted to 
the extent of 1 lb. per pound of pure carbon gasified. Find the rise in temperature, 
the composition of the produced gas, and the efficiency of the process. The heat of 
decomposition of CO., to CO may be taken at 10,050 B. t. u. per pound of carbon. 

6. Find tin; figures of merit in Problems 4 and 5. (Take the heating value of H 
at ,53,400; of ClI^, at 22,500.) 

7. In Fig. 134, let ^-- = 4, 7'(Z = 30 (lbs. per sq. in.), =Pa+10, !rj==3000°, 

7’,; = 1000° (absolute). Find the efficiency and area of each of the ten cycles, for 1 lb. 
of air, without using efficiency formulas. 

8. In Problem 7, show graphically by the N'T diagram that the Carnot cycle is 
the most efficient. 

9. What is the maximum theoretical efficiency of an Otto four-cycle engine in 
which the fuel used is producer gas? (See Art. 312.) 

10 . What maximum temperature should theoretically be attained in an Otto en- 
gine using gasoline, with a temperature after compression of 780° F. ? (The beat liber- 
ated by the gasoline, available for inci’easing the temperature, may be taken at 19,000 
B. t. u. per pound.) 

11. Finil the mean effective pressure and the work done in an Otto cycle between 
volume limits of 0.5 and 2.0 cu. ft. and pre.ssure limits of 14.7 and 200 lb. per square 
inch absolute. 

12 . An Otto engine is supplied with pure CO, with pure air in just the theoretical 
amount for perfect combustion. Assume that the dissociation effect is indicated by the 
formula^ (1.00 — «) (0000 — 7’) = 300, in which a is the proportion of gas that will 
combine at the temperature F. If the temperature after compression is 800° F., 
what is the maximum temperature attained during combustion, and what proportion 
of the gas will burn during expansion and exhaust, if the combustion line is one of con- 
stant volume ? The value of I for CO is 0.1758. 

13 . An Otto engine has a stroke of 24 in., a connecting rod 00 in. long, and a pis- 
ton speed of 400 ft. per minute. The clearance is 20 per cent of the piston displace- 
ment, and the volume of the gns, on account of the .speed of the pi.ston as compared 
with that of the fiame, is doubled during ignition. Plot its path on the PV diagram 
and plot the modified path when the piston speed is increased to SOO ft. per minute, 
assuming the fiame to travel at uniform speed and the pressure to increase directly as 
the spread of the fiame. The pre.ssure range during ignition i.s from 100 to 200 lb. 

14. The engine in Problem 11 is four-cycle, two-cylinder, double-acting, and makes 
100 r. p. m. with a diagram factor of 0.40. Find its capacity. 



jjci 




16. Find the cylinder dimensions in Art. 332 if the gas composition he as given in 
Art. 285. (Take the average heating value of C Il.i and CoITj at 22,500 B. t. u. per pound, 
and assume that the gas contains the same amount of each of these constituents.) 

17. Find the clearance, cylinder dimensions, and probable efliciency in Art. 332 if 
the engine is tioo-cyde. 

18. Find the size of cylinders of a four-cylinder, fonr-cy(3le, single-acting gasoline 
engine to develop 30 blip, at 1200 r. p. in., the cylinder diameter being eiiual to the 
stroke. Estimate its thermal efliciency, the theoretically necessary (piantity of air 
being supplied. 

19. An automobile consumes 1 gal. of gasoline per 0 miles run at 60 miles per 
horn’, the horse power developed being 25. Find the heat unit consumption per Ihp. 
per minute and the thermal efficiency ; assuming gasoline to weigh 7 lb. per gallon. 

20. A two-cycle engine gives an indicator diagram in which the positive Avork 
area is 1000 ft. -lb., the negative work area DO ft. -lb. ff'he work at the brake is 700 
ft.-lb. Give two values for the mechanical efliciency. • 

21. The engine in Probleni 17 discharges 30 per cent of the heat it i-eceives to the 
jacket. Find the water consumption in pounds per minute, if its initial temperature 
is 72'’ F. 

22. In Art. 344, what was the producer efliciency in the case of the Guldner en- 



gine, assuming its mechanical efficiency to have been 0.85? If the coal contained 
13,800 B. t. u. per iDound, what was the coal consuini)tion per brake hp.-hr. ? 

23. Given the indicator diagram of Fig. 158, plot accurately the TV diagram, the 
engine using 0.0-102 lb. of substance per cycle. Draw the compressive path on the NT 
diagram by both of the methods of Art. 347. 

24. The engine in Problem 17 governs by throttling its charge. To what percent- 
age of the piston displacement should the clearance, be decreased in order that the pre.s- 
sure after co;npres.sion may ijc hiiclianged when the pre-compre.ssion pressure drops to 
10 lb. absolute ? What would be the object of such a change in clearance ? 

25. In the Diesel engine. Problem 7, by what percentages will the efficiency and 
capacity be affected, theoretically, if the supply of fuel, is cut off 50 per cent earlier in 

F; — 1" 

the stroke ? (f.e., cut-off occurs when the volume is — — - -f- Fa, Fig. 134.) 

26 . Under the conditions of Art. 335, develop a relation between piston displace- 
ment in cubic inches per minute, and Ihp., for four cylinder four-cycle single acting 
gastdene engines. Also find the relation between cylinder volume .and Ihp. if engines 
run at 1500 r. p. m., and the relation between cylinder diameter and Ihp. if bore = stroke, 
at 1500 r. p. m. 

27. In an Otto engine, the range of iiressures during compression is from 13 to 
130 lb., the compre.ssion curve py’"* = c. Find the percentage of clearance. 

28 . 'Phe clearance space of a 7 by 12 in. Otto engine is found to hold (1 lb. of water 
at 70'^ F. Find the ide.al efficiency of the engine. (See Art. 205.) 

29 . An engine use.s 220 cu. ft. of g.as, containing 800 R. t. u. per cubic foot, in 39 
minutes, while developing 12.8 hp. Find its therm.al efficiency. 

30. In the formula, br.ake hp. = (Art. 335), if the mechanical efficiency is 

2.5 

0.80, what me.an effective pre.ssure is assumed in tlie cylinder? 

31. A six-cylinder four-cycle ciigiue, .single-acting, witli cylinders 10 by 24 in., 
develops 500 hp. at 200 r. p. ni. What is tlie mean effective pressure ? 

32. An engine uses 1.02 lb. of gasolene (21000 B. t. u. per pound) per Bhp.-hr. 
What is its efficiency from fuel to shaft ? If it is a 2-cycle engine with a pressure of 
00 11). gage at the end of compression, estimate the ideal efficiency. 

33. Dmlvc an expression for the mean effective pre.ssure in Art. '2[Ki. 



CHAPTER XII 


THEORY OF VAPORS 

354. Boiling of Water. If we apply lieat to a vessel of water open 
to the atmosphere, an increase of temperature and a slight increase 
of volume may he observed. The increase of temperature is a gain 
of internal energy; the slight increase of volume against the constant 
resisting pressure of the atmosphere represents the performance of 
external work, the amount of which may be readily computed. After 
this operation has continued for some time, a temperature of 212° F. 
is attained, and steam begins to form. The water now gradually 
disappears. The steam occupies a much larger space than the water 
from which it was formed ; a considerable amount of external work is 
done in thus augmenting the volume against atmospheric pressure; 
and the common temperature of the steam and the water remains con- 
stant at 212° F. during evaporation. 

355. Evaporation under Pressure. The same operation imiy be 
performed in a closed vessel, in which a pressure either greater or less 
than that of the atmosphere may be maintained. The water will now 
boil at some other temperature than 212° F. ; at a loiver temperature^ 
if the pressure is lesis than atmospheric^ and at a higher temperature^ if 
greater. The latter is the condition in an ordinary steam boiler. If 
the water be heated until it is all boiled into steam, it will then be 
possible to indefinitely increase the temperature of the steam, a result 
not possible as long as any liquid is present. Tiie temperature at 
which boiling occurs may range from B2° F. for a pressure of 
0.089 lb. per square inch, absolute, to 428° F. for a pressure 
of 336 lb. ; but for each pressure there is a fixed temperature of 
ebullition.* 

* A .stiiking illustration is in the case of air, ^Yllich has a boiling point of —314° F. 
at atinospheiic pressure. As we see “liiiuid air." it is alwavs If we 


m thennal equilibrium {i.e., not constrained to receive or reject heat) 
is called a saturated vapor. It is at the ininimum temperature (that 
of the liquid) which is possible at the existing pressure. Its density 
is consequently the maximum possible at that pressure. Should it 
be deprived of heat, it cannot fall in temperature until after it has 
been first completely liquefied. If its pressure is fixed, its temperature 
and density are also fixed. Saturated vapor is then briefly definable 
as vapor at the minimum temperature or maximum density possible 
under the imposed pressure. 

357. Superheated Vapor. A saturated vapor subjected to ad- 
ditional heat at constant pressure, if in the presence of its liquid, 
cannot rise in temperature ; the only result is that more of the liquid 
is evaporated. When all of the liquid has been evaporated, or if the 
vapor is conducted to a separate vessel where it may be heated while 
not in contact with the liquid, its temperature may be made to rise, 
and it becomes a superheated vapor- It may be now regarded as an 
imperfect gas; as its temperature increases, it constantly becomes 
more nearly perfect. Its temperature is always greater, and its 
density less, than those properties of saturated vapor at the same 
pressure ; either temperature or density may, however, be varied at 
will, excluding this limit, the pressure remaining constant. At 
constant pressure, the temperature of steam separated from water 
increases as heat is supplied. 

The characteri.stic equation, PV = R T, of a perfect gas is inapplicable to steam. 
(See Art. 390.) The relation of pressure, volume, and temperature is given by 
various empirical formulas, including those of Joule (1), Rankiue (2), Him (3), 
Racknel (4), Clan, sins (5), Zeuner (0), and Knoblauch Linde and Jakob (7). 
These are in some cases applicable to either saturated or superheated steam. 

Saturated Steam 

358. Thermodynamics of Vapors. The remainder of this text is 
chiefly concerned with the phenomena of vapors and their application 
in vapor engines and refrigerating machines. The behavior of vapors 
during heat changes is jnore complex than that of perfect gases. 


it are the same ; 

(2) The temperature of a specific saturated vapor at a specified pres- 

• sure is always the same ; 

(3) The temperature and the density of a vapor remain constant 

during its formation from liquid at constant pressure ; 

(4) Increase of pressure increases the temperature and the density of 

the vapor ; * 

(5) Decrease of pressure lowers the temperature and the density ; 

(6) The temperature can be increased and the density can bo decreased 

at will, at constant pressure, when the vapor is not in contact 
with its liquid ; 

(7) If the pressure upon a saturated vapor be incireased witliout allow- 

ing its temperature to rise, the vapor must condense! ; it cannot 
exist at the increased pressure as vapor (Art. Bbf)). If tlie 
pressure is lowered while the temperature remains constant, the 
vapor becomes superheated. 

359. Effects of Heat in the Formation of Steam. Starting witli 
a pound of water at 32^ F., as a convenient reference point, the lieat 
expended during the formation of saturated steam at any temperature 
and pressure is utilized in the folloAving ways : 

(1) h units in the elevation of the temperature of the water. If the 
specific heat of water be unity, and t be the boiling point, 
]i = t — 32 ; actually, A always slightly exceeds this, but the 
excess is ordinarily small. H 


* Since mercury boils, at atmospheric pressure, at 07 n" F. , common tliermomotei's 
cannot be used for measuring teni])eraturcs liiglier tlian tliis ; but by lilling the space in 
the thermometric tube above the mercury with gas at high pressure, the boiling point 
of _the mercury may be so elevated as to permit of its use for measuring Hue gas 
temperatures exceeding Suin' F. 

t According to Barnes’ experiments (8), the s])ecilic heat of water decreases from 
1.0094 at •12'” F. to O.UUid,) at TOO’ F.. and then steadily increases to 1.0470 at 428’’ F. 
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being the pressure per square foot and v and V the initial and 
final specific volumes of the water respectively. This quantity 
is included in item /;•, as above defined ; it is so small as to be 
usually negligible, and tlie total heat required to bring the 
water up to the boiling point is regarded as an internal energy 
change. 

(3) e = - units to perform the external work of increasing 

7 i 8 

the volume at the boiling point from that of the Avater to that of 
the steam, TF’being the specific volume of the steam. 

(4) r units to perform the disgregation work of this change of state 
(Art. 16) ; items (3) and (4) being often classed together as X. 

The total heat expended per pound is then 

H — h'hlj — — E'i'6. 


The values of these quantities vary Avidoly with different vapors, even when 
at the same temperature and pressure; in general, as the pressure increa.ses, h 
increases and L decreases. Watt was led to believe (erroneously) that the sum of 
h and L for steam Avas a constant; a result once described as expressing “ Watt’s 
Law.” This sum is now knoAvu to slowly increase with increase of pres.sure. 


360. Properties of Saturated Steam. Tt has been found experimentally 
that as p, the pressure, increases, t, li, e, and II increase, Avhile r and L 
decrease. These various quantities are tabulated in what is knoAvn as a 
steam table.* 


* Regnault’s experiments were the foundation of the steam tables of Ranldne (9), 
Zeuner (10), and Porter (11). The last named haA^e been regarded as extremely accu- 
rate, and Avere adopted as standard for use in reporting trials of steam boilers and 
pirmping engines by the American Society of Mechanical Engineers. Tliey do not 
give all of the thermal properties, however, and liave therefore been unsatisfactory for 
some purposes. The tables of DAA'elshauevers-Dery (12) were based on Zeuner’s ; 
Buel’s tables, originally published in AVeisbach’s Mechanics (13), on llankiue’s. 
Peabody’s tables are computed directly from Regnault's Avork (14). The principal 
differences in these tables wei’c due to some uncertainty as to tlic speciiic volume of 
steam (15). The precise work of llolborn and Henning (16) on the pressure-tempera- 
ture relation and the adaptation by Ilavis (17) of recent experiments on tlie specific 


prenensive expenmeiits or Kegnauit, wnosc empirical lormuia ror xne 
total heat of saturated steam was i7 = 10S1.94 + 0.305i. The recent 
investigations of Davis (17) show, however, that a more accurate ex- 
pression is 


if = 1150.3 + 0.371-5(^-212) -0.00055(^-212)2 (Art. 388). 

(The total heat at 212° F. is represented by the value 1150.3.) Barnes’ 
and other determinations of the specific heat of water permit of the com- 
putation of h] and L~H— h. The value of e may be directly calculated 
if the volume IF is knoAvn, and r=L—e. The value of r has a straight 
line relation, approximately, with the temperature. This may be 
expressed liy the formula ?’ = 1061.3— 0.79 F. The method of deriv- 
ing the steam volume, always tabulated with these other thermal 
properties, will be considemd later. When saturated steam is con- 
densed, all of the heat quantities mentioned are emitted in the reverse 
order, so to speak. Regnault’s experiments were in fact made, not 
by measuring the heat absorbed during evaporation, but that emitted 
during condensation. Items h and r arc both internal energy effects; 
they are sometimes grouped together and indicated by the symbol E; 
whence H=E-\-e. The change of a liquid to its vapor furnishes the 
best possible example of what is meant by disgregation work. If there 
is any difficulty in conceiving what such work is, one has but to com- 
pare the numerical values of L and r for a given pressure. What 
becomes of the difference between L and e? The quantity L is often 
called the latent heat, or, more correctly, the latent heat of evapora- 
tion. The “ heat in the water ” referred to in the steam tables is h; 
the “ heat in the steam ” is H, also called the total heat. 

361. Factor of Evaporation. In order to compare the total expen- 
ditures of heat for producing saturated steam under unlike condi- 
tions, we must know the temperature T, other than 32° F. (Art. 
359), at which the water is received, and the pressure p at which 
steam is formed ; for as T increases, h decreases ; and as p increases, 
H increases. This is of much importance in comparing the results 
of steam boiler trials. At 14.7 lb. (atmospheric) pressure, for ex- 
ample, with water initially at the boiling point, 212° F., A = 0 and 



are compared. Evaporation under these conditions is described as 
being 

From (a feed water temperature of) and at (a pressure correspond- 
ing to the temperature of) 212° F. 

Thus, for p = 200, we find L = 843.2 and A = 354.9 ; and if the tem- 
perature of the water is initially 190° E., corresponding to the lieat 
contents of 157.9 B. t. u., 

(354.9 - 157.9) = 843.2 4- 197 = 1040.2. 

The ratio of the total heat actually utilized for evaporation to that 
necessary “from and at 212° F.” is called the factor of evaporation. 
In this instance, it has the value 1040.2 -4- 970.4 = 1.07. Generally, 
if H, h refer to the assigned pressure, and A,, is the heat corresjDond- 
ing to the assigned temperature of the feed water, then the factor of 
evaporation is 

J^=[i-)-(A-Ao)]-4- 970.4. 

362 . Pressure-temperature Relation. Ilegiiault gave, as the result of his ex- 
haustive experiments, thirteen teinperatui'e.s corresponding to known pressures 
at saturation. These range from — C. to 220° C. He expressed t!ie relation 
by four fovmuhus (Art. 19); and no le.ss than fifty formulas have since been 
devised, representing more or less accurately tlie same experiments. The deter- 
minations made by Holborn and Henning (IG) agree closely with those of Reg- 
nault; as do those by Wiebe (19) and Thiesen and Scheel (20) at temperatures 
below the atmospheric boiling point. 

The steam table shows that, beginning at 32° F,, the pressure rises with the 
temperature, at first slowly and afterward much more rapidly. The fact that 
slight increases of temperature accompany large increases of pressure in the working 
part of the range seems fatal to the development of the engine using saturated 
steam, the high temperature of heat absorption shown by Carnot to be essential 
to efficiency being unattainable witlioiit the use of pre.ssures mechanically objection- 
able. 

A recent formula for the relation between pressure and temperature is {Power, 
March 8, 1910) 

.1 

200 7;® -102, 

in which t is the Fahrenheit temperature and -p the pressure in pounds per square 
inch. This has an accuracy within 1° or so for usual ranges. 



in lobU the relation between pressure ana volume at a lew points; some experi- 
ments were made by Him; and Battelli has reported results which have been 
examined by Tumlirz (21) who gives 

BT 

y+c = — , 

V 

where p is in pounds per square inch, c =0.256, 5 = 0.5962 and T is in degrees 
absolute. 

More recent experiments by Knoblauch, Linde, and Klebe (1905) (22) give 
the formula 

py = 0.5962 7-^(1 -|-0.0014 p) , 

in which p is in pounds per square inch, v in cubic feet per pound, and T in degrees 
absolute. 

Goodenough’s modified form of this equation is more convenient: 

v+c = — -a+ap)Yn, 

in which 5 = 0.5963, log m = 13.67938, n — 5, c = 0.088, o = 0.0006. 

A simple empirical formula is that of Rankin e, = constant, or that of Zeuner, 

pp-i.oMG _ constant. These forms of expression must not be confused with the 
= c equation for various polytropic pal7<.s’. An indirect method of determin- 
ing the volume of saturated steam is to observe the value of some thermal prop- 
erty, like the latent heat, jier pound and per cubic foot, at the same pressure. 

The incompleteness of experimental determinations, with the diffi- 
culty in all cases of ensuring experimental accuracy, have led to the use of 
analytical methods (Art. 368) for computing the specific volume. The 
values obtained agree closely with those of Knoblauch, Linde, and Klebe. 

364:. Wet Steam. Even when saturated steam is separated from 
the mass of water from which it has been produced, it nearly always 
contains traces of water in suspension. The presence of this water 
produces what is described as wet steam, the Avetness being an indi- 
cation of incomplete evaporation. Superheated steam, of course, 
cannot be Avet. Wet steam is still saturated steam (x\rt. 356); the 
temperature and density of the steam are not affected by the pres- 
ence of Avater. 

The suspended Avater must be at the same temperature as the 
steam ; it therefore contains, per pound, adopting the symbols of 
Art. 359, h units of heat. In the total mixture of steam and Avater, 
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The factor of evaporation (Art. 361), woLiiess considered, must be 
correspondingly reduced ; it is = [.rL + (Ji — Aq)] h- 970.4. 

The specific volume of wet steam is TF„,= T^'+.r ( TF— V')=xZ+ V, 
where Z= W— V. Fur dry steam, and W,„ = T^-j-( W~V)= W. 
The error involved in assuming Tl(,, = .-alFis usually incozisiderable, 
since the value of Via comparatively small. 

365. Limits of Existence of Saturated Steam. In Fig. 160, let 
oi'dinates represent temperatures, and al)seissas, volumes. Then ab 
is a line representing possible condi- 
tions of water as to those two proper- 
ties, which may be readily plotted if 
the specific volumes at various tem- 
peratures are known ; and cd is a 
similar line for steam, plotted from the 
values of TF and t in the steam table. 

The lines cd) and cd show a tendency 
to meet (Art. 379). The curve etZ is lOo. Arts. — Paths 

,, , ,, , ' . ,, or Steam Formation. 

called the curve of saturation, or oi con- 
stant steam weight; it represents tdl possible conditions of constant 
weight of stetun, remtiining saturated. It is not a path, although 
the line ab is (Art. 363). States along ab are those of liquid; the 
area bade includes all wet saturated states ; clung dc, the steam is 
dry and saturated; to the right of dc, areas include sujjerheated 
states. 

366. Path during Evaporation. Starting at 82°, the path of the 
substance during heating and evaporation at constant pressure would 
be any of a series of lines aef., aM^ etc. The curve ab is sometimes 
called the locus of boiling points. If superheating at constant pres- 
sure occur after evaporation, then (assuming Charles’ law to hold) 
the paths will continue as ,///, i]\ straight lines converging at 0. 




perature. The more complete steam tables give the entropy at various 
boiling points, measured above 32^. Let evaporation occur when the 



temperature is Tlie increase of entropy from the point h (since 
the temperature is constant during the formation of steam at constant 
pressure) is simply L^{Ti, + 4r)9.(;), winch is laid off as ho. Otlier 
points being similarl}^ obtained, the saturation curve cd is drawn. 
The paths from liquid at 32° to dry saturated steam are ahe, aVU, 
aUS, etc. 

The factor of evaporafion may be readily illnsti'ated. Let the area 
eUSf represent the heat necessary to evaporate one pound from and 
at 212° F. The area gjbeh represents tlie heat necessary to evaporate one 
pound at a pressure h from a feed-water temperature j. Tlie factor of 
evaporation is gjhch-^ eUSf. For Avet steam at the pressure h, it is, for 
example, gjbik -r- eUSf 

368. Specific Volumes: Analytical Method. This Avas dcAmloped by 
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The heat area abfe is Z; the work area ahrxl is (Z -r- T)clT. In Fig. 163, 
let ahcd represent the corresponding work area on the pv diagram. Since 
the range of temperatures is only tlT, the range of pressures may be 



Flos. 1()2 ami lOS. .\rt.s. .'idS, 4U(i, wOij. — \ ijHiuil's by Clapuyruu’s Aimhud. 


taken as (/Z; whence the area ahcd in Fig. 163 is dP{W~ V), where W 
is the volume along he, and Uthat along ad. This area must by the first 
law of thermodynamics equal (778 Z -i- whence 


IF- r= 


. 'IT. and 11^= V+ 

T dP ^ T ■ dP 


Thus, if we know the specific volume of the liquid, and the latent heat 
of vaporization, at a given temperature, we have only to determine the 


dilTereutial coefiicimit in order to compute tlie specific volume of the 

vapor. The value of this eoeilicient may be approximately estimated from 
the steam table; or may be accurately ascertained when any correct formula 
for relation between /Ziud 7Ms given. The advantage of this indirect 
method for asceri.aining specific volumes arises from the accuracy of 
experimental determinations of T, Z, and P. 


369. Entropy Lines. In Fig'. 161, let ah be the water line, cd 
the saturation curve ; then since the horizontal distance between 
these lines at ajqy absolute tcnipei'ature T is equal to L-^T^ we 
deduce that, for steam only partially dry, the gain of heat in passing 
from the water line toward cd being q'L instead of Z, the gain of 
entropy is xL ^ T instead of L -x- T. If on ho and ad we lay off hi 


find the state at the temperature &c?, at whieli the total iieat may also 
equal jS^ we remember that for Avet steam 11= h + xJj^ whence 
X = (K— L- hp ho. Additional points thus determined for 
tliis and other assigned values of H give the constant total heat 
curves op., hit., etc. The total heat of saturated vapor is not, however, 
a cardinal property (Art. 10). The state points on tliis diagram 
determine the heat contents only on the assumption, tliat Iwat has 
heen absorbed at constant pressure ; along such paths as abc, aLS, 
aJW, etc. 

371. Negative Specific Heat. If steam passes from o to r. Tig- IGl, 
heat is absorbed (area sort) while the temperature decreases. Wince the satu- 
ration curve slopes constantly downward toward the right, the specilic heat 
of steam kept saturated is therefore negative. The specilic lieat of a vapor 
can be positive only when the saturation curve slo[)es downward to the left, 
like cu, as in the case, for example, of the vapor of ether (big. Slo). The 
conclusion that the specific heat of saturated steam is negative was 
reached independently by llankine and Clausius in 18o0. It was experi- 
mentally verified by Him in 1802 and by Taxin in 18()() (2-1). The 
physical significance is simply that when the temperature of dry saturated 
steam is increased adiabatically, it becomes siqierheatcd ; heat must be 
abstracted to keep it saturated. On the other hand, when dry saturated 
steam expands, the temperature falling, it tends to condense, and 
heat must be supplied to keep it dry. if steam at c, I'hg. IGl, having 
been formed at constant pressure, Avorks along the saturation curve to iV, 
its heat contents are not the same as if it had been formed along a VJSf, 
but are greater, being greater also tliaii the ‘Mieat contents” at c. 

372. Liquefaction during Expansion. If saturated steam expand adia- 
batically from c. Tig. IGl, it Avill at v have become 10 per cent Avet. if 
its temperature increase adiabatically from v, it Avill at c have become 
dry. If the adiabatic path then continue, the steam will beciome snptirheated. 
Generally speaking, liquefaction accompanies expansion and drying or 
superheating occurs during compression. If the steam is v(uy Avet to begin 
Avith, say at the state x, compression may, Iiowcauu’, cause li([ucfaction, and 
expansion may lead to drying. Water expanding adial)atically (]iath hz) 
becomes partially vaporized. Vapors may bo divided into two cla.sses, 
depending upon Avhether they liquefy or diy during adiabatic expa.nsion 



ness lines change their direction ot curvature, so that it is possible ior a single 
adiabatic like DE to twice cut the same dryness curve ; x may therefore have the 
same value at the beginning and end of expansion, as at D and E. Further, it 
may be possible to draw an adiabatic which is tangent to the dryness curve at A. 
Adiabatic expansion below /I tends to liquefy tlie steam ; above A, it tends to dry 
it. During expansion along tlie di-yness curve below A, the specific heat is nnya- 
lice; above A, it is positive. By finding other points like A, as F, G, on similar 
constant dryness curves, a line B.i may be drawn, Avhich is called the zero line or 
line of inversion. During expansion along the dryness lines, the specific heat 
becomes zero at their intersection with AB, where they become tangent to the 
adiabatics. If the line AB be projected so as to meet the extended saturation 
curve da, the point of intersection is the temperature of inversion. There is no 
temperature of inversion for dry steam (Art. 379), the saturation curve reaching 
an upper limit before attaining a vertical direction. 

374. Internal Energy. In Fig. 104, let 2 be the state point of a wet vapor. 
Lay off 2 4 vertically, equal to {T ■- L){L — ?•). Then 1 2 4 3 (3 4 being drawn 
horizontally and 1 3 vertically) is equal to 

12x24-^ f(L-r)=x(L-r). 

This quantity is equal to the external work of 
vaporization = xe, whicli is accordingly repre- 
sented by the area 1 2 4 3. The irregular 
area 6 5 1 3 4 7 then rejiresents the addition 
of internal eneryy, 6 5 18 having been ex- 
l^ended in heating the water, and 8 3 4 7 = xr 
being the disgregation work of vaporization. 

375. External Work. Let MN, Fig. 165, be any path in the saturated region. 
The heat absorbed is mMNn. Construct Mcba, Nfed, as in Art. 374. The inter- 
nal energy has increased from Oahcm to Odefn, the 
amount of increase being adifnmch. This is greater 
than the amount of heat absorbed, by deiMcha — iNj, 
which difference con.sequently measures the external 
work done upon the substance. Along some such curve 
as A'F, it will be found that external work has been 
done by the substance. 


376. The Entropy Diagram as a Steam Table. In 
Fig. 161, let the state point be H. AVe have 2^= HI, 
from which P Jiiay be found. HJ is made equal to (T L)(^L —r), whence 
Oa VKJI = E and VII.TK = xe. Also x — VII VN. the entronv measured from 



ternal Energy of Steam. 



Fig. 164. Art. 674. — Internal Energy 
and External AVork. 


377. Constant Volume Lines. In F !& * let 1)0 tlie "vvcitci 

line, BCr the saturation curve, and let vertical distances below ON 


represent specific volumes. 



Let xs equal the volume of boiling water, 
sensibly constant, and of comparatively 
small numerical value, giving tbe line ss. 
From any point B on tlje saturation 
curve, draw BB vertically, making OB 
represent by its length the specific volume 
at B. Draw BA horizontally, and AE 
vertically, and connect the points ^andD. 
Then EB shows the relation of volume of 
vapor and entropy of vapor, along AB^ 
the two increasing in arithmetical ratio. 
Fiinl the similar lines of relation KL and 
HE for the temperature lines JI and YG-. 


Fig. 166. Art. 377. — Constant 
Volume Lines. 


Draw the constant volume line TB^ and 
find the points on the entropy plane 


v, B, corresponding to t, % B. The line of constant volume loB 


may then be drawn, with similar lines for other specific volumes, qz. 
etc. The plotting of such lines on the entropy plane permits of the 
use of this diagram for obtaining 


specific volumes (see Fig. 175). 

378. Transfer of Vapor States. In 
Fig. 167, we have a single represen- 
tation of the four coordinate planes 
ni\ and pv. Let ss he the line 
of water volumes, ah and c/the satura- 
tion curve, Cd the pressure-tempera- 
ture curve (Art. 362), and Op the 
water line. To transfer points a, h on 
the saturation curve from they^r to the 
tn plane, we have only to draw aD, 



Fig. 1G7. Art. 378. — Transfer of 


find the vertical location of this point in the tn plane. Draw wA and 
xB, making zB equal to the specific volume of vapor at x (equal to 
BB on the fv plane). DrawA-B and project t to c. Projecting this 
last point upward, we have B as the required point on the entropy 
plane. 

379. Critical Temperature. The water curve and the curve of saturation 
in Figs. 160 and 161 show a tendency to meet at their upper extremities. 
Assuming that they meet, what are the physical conditions at the critical 
temperature existing at the point of intersection ? It is evident that here 
L =0, r = 0, and 6=0. The substance would pass immediately from the 
liquid to the superheated condition ; there would be no intermediate state 
of saturation. No external work would be done during evaporation, and, 
conversely, no expenditure of external work could cause liquefaction. A 
vapor cannot be liquefied, when above its critical temperature, by any 
pressure whatsoever. The density of the liquid is here the same as that 
of the vapor ; the two states cannot be distinguished. The pressure re- 
quired to liquefy a vapor increases as the critical temperature is approached 
(moving upward) (Arts. 358, 360) ; that necessary at the critical temperature 
is called the critical pressure. It is the vapor pressure corresponding to the 
temperature at that point. The volume at the intersection of the saturation 
curve and the liquid line is called the critical volume. The “ specific heat 
of the liquid ” at the critical temperature is infinity. 

The critical temperature of carbon dioxide is 88.5° F. This substance is 
sometimes used as the working fluid in refrigerating machines, particularly on 
shipboard. It cannot be used in the tropics, however, since the available supplies 
of cooling water have there a temperature of more than 88.5° F., making it im- 
possible to liquefy the vapor. The carbon dioxide contained in the microscopic 
cells of certain minerals, particularly the topaz, has been found to be in the critical 
condition, a line of demarcation being evident, when cooling was produced, and 
disappearing with violent frothing when the temperature again rose. Here the 
substance is under critical pressure; it necessarily condenses with lowering of 
temperature, but cannot remain condensed at temperatures above 88.5° F. Ave- 
narius has conducted experiments on a large scale with ether, carbon disulphide, 
chloride of carbon, and acetone, noting a peculiar coloration at the critical point (26). 

For steam, Regnault’s formula for H ( Art. 360), if we accept the approximation 
h = t ~ 32°, would give L = H — li = 1113.94 — 0.695 1, which becomes zero when 
t = 1603° F. Davis’ fornnda (Art. 360) (likewise not intended to apply to temper- 
atures above about 400° F.I makes Z = 0 when i = 1709° F. The critical temnera- 


conditions^ including the states of saturated vapor, superheated vaoor, and 
true gas. A saturated vapor, which may he either dry or wet, is a gaseous 
substance at its maximum density for the given temperature or pressure ; 
and heloiu the critical temperature. A superheated vapor is a gaseous sub- 
stance at other than maximum density whose temperature is either less 
than, or does not greatly exceed, the critical temperature. At higher lempera,- 
tures, the substance becomes a true gas. All imperfect ga.ses may be regarded 
as superheated vapors. 

Air, one of the most nearly perfect gases, sliowssoiiie deviations from .IloyI(‘’s law 
at pressures not exceeding 2500 lb. per square, inch. Other .subsiiaiuies show far more 
marhed deviations. In Fig. 108, Qf'* is an equilateral hyperbola. 'I’he isotlummals 

for air at various tmiqieratiires emiti- 
grade are shown above. The lowcn’ 
cixrves are isotheiunals for carbon di- 
oxide, as determined by Andivws (28). 
They dejiart widely from the perfect 
gas isothermal, PQ. The dotted lines 
show the liquid curve and the satura- 
tion curve, running tog(d-.hev at o, at the 
critical temperature. 'Pliere, is an evi- 
dent increase in the irregularity of tlui 
curves as they approach the critical tem- 
perature (from above) and pass below 
it. The curve for 21.5“ C, is particu- 
Fig. 168. Art. 380. — Critical Temperature, larly interesting. From t) to c it is a 

liquid curve, the volume remaining 
piactically constant at constant temperature in spite of enormous changes of ju’es- 
sure. Irotn h to d it is a nearly straight horizontal line, like that of any vapor 
between the liquid and tlie dry saturated states ; while from d to c it approaches 
the perfect gas form, the equilateral liyperbola. All of the isothermals change 
their direction abruptly whenever they ap- 
proach either of the limit curves uf or ay. 

381. Other Paths of Steam Formation. 

The discussion has been limited to the 
formation of steam at constant pressure, 
the method of practice. Steam miglit con- 
ceivably be formed along any arbitrary 
path, as for instance in a closed vessel at 
constant volume, the pressure steadily in- 
creasing. Since the change of internal 
euera’v of a snb.stn ncR flpnpTidu iinrMi 




pletely evaporated along cn at constant volume, the area acrid would represent the 
addition of internal energy and the total heat received. If the process be at con- 
stant pressure, along chn, the area achnd I'epresents the total heat received and the 
area chn represents the external work done. 

382. Vapor Isodynamic. A saturated va2:)or contains heat above 32° F. equal 
to A 4- r + e ; or, at some other state, to + i\ + e^ If the two states are isody- 
nainic (Art. 83), h + r = /q + ?q, a condition which is impossible if at both states 
tlie steam be dry. If tlie steam be wet at botii states, h + xr = /q q- xp-y Let p, 
py V be given; and let it be required to iind iq, the notation being as in Art. 364. 

We have aq = — all of these quantities being known or readily ascertain- 
able. Then ^ 

tq = ( Wj - Fj) = x,Z, + = V, + --1 (A + xr - h,). 

If r = 1.0, the steam being dry at one state, a.q = ^ and 

r^ 

v,= r, + ^(_h + r-h,). 

Substitution of numerical values then shows that if p exceed pi, v is less than vi] 
i.e. the curve slopes ui^ward to the left on the pv diagram : and x is less than 
Xy The curve is less “ steep ” than the saturation curve. Steam cannot he worked 
isodynamicalU/ and remain dr-y ; each isodynamic curve meets the saturation curve 
at a single point. 

382r(. Sublimation. It has been pointed out that a vapor cannot exist at a 
temijcrature below that which “corresponds” to its pressure. It is likewise true 
that a substance cannot exist in the liquid form at a temperature above that which 
“ corresponds” to its pressure. When a substance is melted in air, it usually becomes 
a liquid; and if a further addition of heat occurs it will at some higher temperature 
become a vapor. If, however, the saturation pressure at the melting temperature 
exceeds the pressure of the atmosphere, then at atmospheric pressure the saturation 
temperature is less than the melting temperature, and the substance cannot become 
a liquid, because we should then have a liquid at a higher temperature than that 
which corresponds to its pressure. Sublimation (Art. 17), the direct passage from 
the solid to vaporous condition, occurs because the atmospheric boiling point is 
below the atmospheric melting point. 

Water at 32° has a saturation pressure of 0.0886 lb. per square inch. If the 
moisture in the air has a lower partial pressure than this, ice cannot be melted, 
but will sublime, because water as a liquid cannot exist at 32° at a le.ss pressure 
than 0.0886. 

n. X a A -vTTv TT A T>r\-D TVTt vnnTTT)Tr«ci 


Temperature 

Fahrenheit 

Elastic Force of the Air 
in the Mixture of Air 
and Vapor in ins. 
of Mercury 

Weight of Cubic Foot of tlic Mixture 
of Air and Vapor 

Weight of the Air 
in Pounds 

Weight of the Vapor 
in Pounds 

0° 

29.877 

.0863 

.000079 

12 

29.849 

.0840 

.000130 

22 

29.803 

.0821 

.000202 

32 

29.740 

.0802 

.000304 

42 

29.654 

.0784 

.000440 

52 

29.533 

.0766 

.000627 

62 

29.365 

.0747 

.000881 

72 

29.136 

.0727 

.001221 

82 

28.829 

.0706 

.001667 

92 

28.420 

.0684 

.002250 

102 

27.885 

.0659 

. 002997 

112 

27.190 

.0631 

. 003946 

122 

26.300 

.0599 

.005142 

132 

26.169 

.0564 

.006639 

142 

23.756 

.0524 

.008476 

152 

21.991 

.0477 

.010716 

162 

19.822 

.0423 

.013415 

172 

17.163 

.0360 

.016682 

182 

13.961 

.0288 

.020536 

192 

10.093 

.0205 

.025142 

202 

5.471 

.0109 

.030545 

212 

0.000 

.0000 

. 036820 


These yield as the equation of the mixture, 

pv = Rtw, 

where R = {RiWi+R 2 W 2 )-^{wi+W 2 ). For pure dry air, containing by weight 0.77 
nitrogen to 0.23 oxygen, the value of R should then be 

(48.2X0.23) + (54.9X0.77)=53.2. 

382c. Air and Steam. We are apt to think of the minimum boiling point of water 
(except in a vacuum) as 212° F. But water will boil at temperatures as low as 
32 h , under a definite low partial pressure for each temperature. Thus at 40° F. 
if an adequate amount of moisture is exposed to the normal atmosphere it will 





pressure of 0.1217 lb. per square inch, the partial pressure of the air then being 
only 14.697-0.1217 = 14.5753 lb. per square inch. Such air is saturated. If there 
is a scant supply of moistvure, the partial pressure of vapor will be less than that 
corresponding with its temperatiure, and such vapor as is evaporated will be super- 
heated. The weight of moisture in a cubic foot of saturated air is the tabular 
density of the vapor at its temperature. What is commonly called the absolute 
humidity of air may be expressed either in terms of the weight of vapor per cubic 
foot of mixture or of the i^artial vapor pressure. 

The weight of gas or superheated vapor in any assigned space at any stated 
temperature is directly proportional to the partial pressure thereof. The relative 

humidity of moist air may therefore be expressed either as — or as where w and 

W P 2 

W are respectively the weights of water vapor in a cubic foot of moist air, unsatu- 
rated and saturated, and pz, Pz are the corresponding partial pressures. The value 
of 22 in the characteristic equation is obtained, for moist air at a relative humidity 
below 1.0, by the method of the first paragraph, using for the water vapor Rz =85.8. 

If the air temperature is 92° F., and a wick-covered (“wet bulb”) thermometer 
reads 82°, the partial pressure of the vapor is that corresponding with saturation 
at 82°, that is, 0.539 lb. per square inch; for the air about the wet-bulb thermometer 
is saturated, evaporation from the moist wick causing the cooling. Saturated air 
at 92 ° would have a partial vapor prc.ssure of 0.741 lb. per square inch. The air in 

question has therefore a relative humidity of The value of R for this 

air is not 53.2, but 


RiWi^-RzWz (^+22iwi) 


53.2-1-0.069 (l-l-_^,^^2' 14, 158 


Wi{l + 


Wi+Wz 


a subordinate relation being 


0.069 1 + 


0.539 \ 
'14.158/ 


= 54.5, 


pi (14.697-0.539)144 ,,,,,,,, 

53:3X552 

If the respective specific heats are ki and kz, then the specific heat of the mix- 
ture is 


kiWi -\-kzWz 
Wl-\-Wz 


Wi 


(ki+h^) ki+kz^ 


Wi 


Pi 


IVI 1 -I- 


l-h 


E? 

Pi 


which for our conditions, with /ci = 0.2375, /b 2 =0.4805, gives fc = 0.248. 


ZS2d. Thermodynamic Equations. When dealing with mixtures of wet vapors, 
or of wet vapors and ah’, the ordinary equations for expansion do not in general 
apply. This is the more unfortunate in that any general analysis of the subject 


so that it IS by no means impracticable to study the phenomena accompanying 
(a) the operation of mixing and (6) the expansion or compression of the mixture. 

382^. Wet Vapor and Gas. As a simple case, consider a mixture of wet steam 
and air: the condition of a super-saturated atmosphere. Let such a mixture be 
at the state p, v, i; the steam state being W2, pi, X2, and that of the air Wi, pi. Then 

Riltoi 

p =pi-\-p2, and v=W2X2V2=—^^, where V2 is the specific volume of the dry steam. 
The internal energy of the mixture is 

E =Ei-j-E2 — lWlt-\-W2{h2-\-X2'!'2) , 

where I is the specific heat of air at constant volume and /12 and rz are tabular thermal 
properties at the pressure p 2 . The entropy of the mixtm-e is 

n=ni+n 2 = wi^l loge +W 2 inw+X 2 ns), 

where k is the specific heat of air at constant pressure, Vg is the volume of Wi lb. 
of air under standard conditions and Uw and ns are the entropies of steam at the 
pressure p-z. 

In an isothermal change of such mixture, Ei remains constant and (the dryness 
of the steam changing to Xs) E 2 increases by Wo^^ixa—xz). The air conforms to 
its usual characteristic equation, piVi=Rli. In reaching the expanded volume Vj, 
the external work done by the air is then 

1 Vs 

Piv logc 

The steam remaining wet expands at constant pressure, and does the external work 
pzCvs — so that the whole amount of external work done is 

W = piV loge ^+P2(V3-v). 

The heat absorbed may be expressed as the sum of the external work done and 
the internal energy gained; or as 

Jff = piv loge ^+P2{V3-v)+W2r2(Xs—X2) =PiV loge ^+W2k (X3—X2), 

where h is the latent heat of vaporization corresponding with the pressure ps. 
Alternatively, the heat absorbed is equal to the product of the temperature by the 
increase of entropy; or 

Lf = i Z) loge ^+'W2ne(a:3— a: 2 )J =piv loge ^+l2W2(x3—X2), 

as before; being the entropy of vaporization at the pressure ps. Let it be 

noted also that vs^wiXsVs^—^ , so that 



tlie pressure is less than that corresponding with the temperature. 

In adiabatic expansion, let the final condition be 2 : 3 , is, Ps- The entropy remaining 
constant, 

wjc loge y+WiC/c-Z) loge—,+'W 2 {nw' +X37ie' -nw-Xine) =0, 
t Vs 


where riw is entropy of liquid and primes refer to final conditions. The partial 
pressure of the vapor is tabular for ts. If V 3 ' is the specific volume of steam for k. 
then 


WiXzVz =Vzi 


p3 


WiRits 
V 3 ’ 


X3=~r—, Vs''+Vs=V3, 

VsWz 


Z3 = 


WlRit3 

Ps'Wwz 


whore P 3 " and p,/ are the partial pressures of air and steam, respectively. The 
external work is written as the loss of internal energy, or, as 


W=E—E 3 = wil (/s — 0 +'iV 2 {k 2 +X2r2—h3 — xsrs). 

382 /’. High Pressure Steam and Air. The pressure attained by mixing cannot 
exceed the initial i)rossurc of the more compressed constituent. Assume 1 lb. of 
steam, 0.85 dry, at an absolute pressure of 200 lb., to be mixed with 2 lb. of air 
at 220 lb. pressure and 400° F. The respective volumes are 

_ n orvyo on i 53.4X860X2 n 

i>s — 0.85X2.29 — 1.945; Va— 220^1M 

and the volume of mixture will be, under the usual condition of practice, 

1.945+2.9=4.845. 

The internal energy before (and after) mixing is 

(2X0.1689X860) +354.9 + (0.85+759.5) = 1288 B. t. u. 

V 4 845 

This we put equal to (2X0.1689X0 +^ 2 +a; 2 r 2 ; X 2 = — = — — ; and (assuming 

V 2 V 2 

values of t) we find by trial and error, 

0.3378i+li2+^~~ = 1288, (1285) 

V 2 

t = 314(+460), /i2 = 284, r2 = 818, ^2 = 5.33, X2=0.908, 

P2 = 82.3, p, = 118.2, p =200.5. 

Mixing has caused an increase in dryness of steam, a considerable reduction of tem- 
perature, and a final pressure between the two original pressures. 

The entropy of the mixture is now 



Let isothermal expansion increase the dryness to 0.95. The volume then 
becomes 0.95X6.33 = 5.08=2%. The external work done is 

^144X118.2X4.845X2.3 log III) +144X82.3(5.08-4.845) | =8.45B. t.u. 

Theinternalenergyincreasesby 0.042X759,5 =31.9 B. t. u., find the heat absorbed 
should then be 31.9+8.45=40.35 B. t. u. The entropy in the expanded condition 
is 

2 1 (0.1689X2.31ogg|)+(0.0686X2.31og-®||^) | 

+0.456 + (0.95 XI. 1617) =1.49, 

and the check value for heat absorbed is (460+314) X (1.49 — 1.438) =40.3 B. t. u. 
The partial pressm-es after expansion are 

Air, P 3 '=Pi^ = 118.2 |H| = 113; and steam, 82.3, as before. 

In the usual expression for external work, 

jyr yv-PV w-P V+W 

n — 1 ’ IF ’ 

the equivalent value of n is 

1441 (200.5 X4.846) - (195.3 X5.08)! + (8.45X778) 

^45^7^" 

Consider next the adiabaiic expansion from the same initial condition to a 
temperature i3 = 60°(+460); when 2 ) 3 ' = 1702, p 3 ' = 0.178, = 0.0361, ne'=2.0865, 

Vz = 1702x3. Then 

1.438 = 2| ^0.1689X2.3 log|^) + ^0.0686X2.3 log | +0.0361+2.0865x3, 

and X3 = 0.47, 2;3=802. 

The internal energy in the expanded condition is 

18.08+(0.47X1007.3)+2(0.1689X510)=665 B. t. u., 

and the external work done is 1288— 665 = 623 B. t. u. The steam expanding 
alone from its original condition would have had a final dryness of 0.65, and would 
have afforded external work amounting to 

354.9 + (0.85X759.5)-18.08-(0.66X1007.3)=323 B. t. u. 

The air expanding alone to 50°, according to the law 'P\V^ = would have 



would then have been zbz + 0/0 = 000 io. t. u. 

The equivalent value of n for the expansion of the mixture is 

144{ (200.5 X4.845) - (0.263 X802)} + (665 X778) _ . ^ 

665X778 ■ ‘ 

Since y for steam initially 0.91 dry is 1.126, and y for air is 1.402, the value 
of n might perhaps have been expected to be about 

(2X1.402) +1.126 


382^. Superheated Steam and Air. If the steam is superheated, its initial 
volume is (from the Tumhrz equation, Art. 363), 


V=W2Vs=W2 



where 19=0.5962, c =0.256. The internal energy of superheated steam may be 
written as that at saturation {h 2 -{-X 2 r 2 ) plus that of superheating. 



where kg is the specific heat of the superheated steam, 1/5 = 1.298, and tg is the satu- 
ration temperature for the partial pressure p 2 - The entropy of the steam is 

nw+X2ne+kglogeT- 

ig 

Its behavior during expansion may be investigated by the relations previously 
given. 

382/i. Mixture of Two Vapors. Let two wet vapors at the respective conditions 
w-i, Pi, ti, Xi, /ii, h, r2, and wj, p 2 , ta, X2, h2, hi r2, be so mixed that the volume 
of the aggregate is v =f 2 +V 2 . The internal energy of the mixture is 

W2{h2+X2r2) +W2(h2+X2r2), 

the numerical value of which may be computed for the conditions existing prior 
to mixing. After mixing, the temperature t being attained, the internal energy 
is the same as before, and the drynesses are 


V 


in me saiuraxea neiu lu lut; feta-ie tg i i w;iv**w i ^z\ivw \ •v-^ »«'(; / 

-(-W2(nw'+X2'ne0j primes denoting final conditions. Thus, let 1 lb. ol steam at 
107 lb. pre.ssure, 0.90 dry, be mixed with 2 lb. of cai-bon tetrachloride at the same 
pressure, 0.95 dry. The tables give t2=320, h2 = 01.2, 12=58.47, Vq = 0.415, 11^ = 
0.1003, ne = 0.0S55,- /2 = 333, 7/2 = 303.4, r2=802.5, ro=4.155, n«, = 0.4807, nc = l. 11.58. 
Then /’2 = 0.90X4.155 =3.75, V2 =0.95X2X0.415 =0.789, r/ = 3.75+0.789 =4.539. 
The internal energy is 

303.4+ (0.90X802.5) +2 {61.2+ (0.95X58.47)} =1258 B. t. u. 

Since X2'>1.0 for values of t between 320° and 333° the carbon tetrachloride 
is superheated after mixture occurs. We must then express the energy as 

£; = 7i2'+a:2V+2jh2'+W2'+^(7-t2') | =1258, 


k 

in which 7c =0.056, y = 1.3, - = 0.043, and t 2 ' is the saturation temperature corre- 
sponding with the partial pressure of the carbon tetr/ichloride. Assuming that this 
vapor when superheated conforms with the usual charaol.eristic equation for gases, 
2 y 10 0 

and putting B = 10.0, =0.0307 7. Assuming values of i, the trial 

and error method gives a resulting mixture temperature close to 319°, at which 
P2' = 23.9, t2' = 200°, and 


£;=289.2+|~-814.0+2(34.69+72.64+0.043Xll9) =1255(1258) B.t.u. 
4.yoU 

The entropy computed as before mixing is 

0.481 + (0.9X1.1152)+2(0.1003+0.95'X0.0855) = 1.85;' 
after mixing, it is 


0.4627+ 1.1492) +2 ^0.1846+0.0.56X2.3 log =1.89. 

Mixing has again lowered the temperature. Let adiabatic expansion proceed 
until the temperature is 212°. The tetrachloride will still be superheated, and 

0.3118+1.44470:2' +2 ^n++ne'+klogc~) =1.89. 


ta' = 106°, p 2 ' = 4.37, 2 / = 2r.4, =0.798, n^'+ng' = 0.1865; and the en- 

tropy is 

0.3118-1-1.15 -1-2(0.1865 -i-0.0094) =1.89. 

The internal energy is now 


180.0-1- (0.798X897.6) 4-2(14.92+81.76-1-0.043+106) =1098 B. t. u., 

and the external work done during expansion is 1258 — 1098 = 160 B. t. u. If the 
two vapors had expanded from their original condition to 212° separately, the 
external work done would have been, very nearly, 126 B. t. u. 

382/.. Technical Application of Mixtures in Heat Engines* The preceding 
illustration shows that the expanded mixture, although at 212° F., has a pressure 
4.37 lb. per sq. in. greater than that of the atmosphere. A mixture at an absolute 
pressure of 1 lb. (about the lowest commercially attainable) might similarly exist 
at a temperature considerably lower than the 102° F. which is characteristic of 
steam alone. A lowering of the temperature of heat-rejection is thus the feature 
which makes the use of a fluid mixture of practical interest. This is the more 
important, since from a power-producing standpoint the most fruitful part of the 
cyclic temperature range is the lower part. The operation of mixing itself reduces 
the initial temperature, but it in no way impairs the stock of internal energy of the 
constituents. 

If one of the constituents is at the lower temperature of the cycle a superheated 
vapor, it cannet be condensed at that temperature: but since coohng water con- 
ditions permit of normal condensing temperature around 65°, the use of a mixture, 
even one of air and steam, may permit the attainment of that temperature without 
the necessity for an impracticably high vacuum. 

The total heat of saturated steam increases less than | B. t. u. per degree of 
temperature; that of superheated steam increases from 0.5 to 0.6 B. t.u. It follows 
that at the same temperature superheated steam “contains” more heat than 
saturated steam. The internal energy of saturated steam increases about 0.2 B. t. u. 
per degree of temperature; that of superheated steam, about 0.4 to 0.45 B, t. u. 
The total internal energy at a given temperature is thus also greater with super- 
heated than with saturated steam. The less the internal energy at the end of the 
exi)ansion, the greater is the amount of external work performed during expansion 
for given initial conditions. The analyses show that in general the effect of mixing 
air or vapor with steam is to decrease the dryness of the steam after expansion, 
and thus to decrease its final stock of internal energy and to increase the external 
work performed. Saturated steam expands {i.e., increases in volume) more rapidly 
than air, as its temperature is lowered. Similarly, for a given rate of increase in 
volume, the temperature of air falls more rapidly than that of steam. When the 



Superheated Steam 

383. Properties : Specific Heat. In comparatively recent years, superheated 
steam has become of engineering importance in application to recipiocating en- 
gines and turbines and in locomotive practice. 

Since superheated steam exists at a temperature exceeding that of saturation, 
it is important to know the specific heat for the range of superheating. J he first 
determination was by llegnault (1862), who obtained as mean vaUxes Ic - 0.4805, 

I - 0.340, y = 1.39. Fenner found I to be variable, ranging froju 0.341 to 0.351. 
Him, at a later date, concluded that its value must vary with tlie temperature. 
Weyrauch (29), who devoted himself to this subject from 1876 to 1904, finally 
concluded that the value of k increased both with the pressure and with the 
amount of superheating (range of temperature above saturation), basing this con- 
clusion on his own observations as collated with those of Hegnanlt, Him, Zeuner, 
Mallard and Le Chatelier, Sarrau and Veille, and Langen. Ranldnc presented a 
demonstration (now admitted to be fallacious) that the total heat of superheated 
steam was independent of the pressure. At very high temperatures, the values 
obtained by Mallard and Le Chatelier in 1883 have been genei’ally accepted by 
metallurgists, but they do not apply at temperatures attained in power engineer- 
ing. A list by Dodge (30) of nineteen experimental studies on the subject shows 
a fairly close agreement with Regnault’s value for k at atmospheric pressure and 
approximately 212° F. Most exiierimenters have agreed that the value increases 
with the pressure, but the law of variation with the temperature has been in. 
doubt. Holborn’s results (31) as expressed by Kutzbach (32) would, if the em- 
pirical formula held, make k increase with the temperature up to a certain limit, 
and then decrease, apparently to zero. 

384. Knoblauch and Jakob Experiments. These determinations (33) 
have attracted much attention. They Avere made by electrically super- 
heating the steam and measuring the input of electrical energy, which 
was afterward computed in terms of its heat equivalent. These experi- 
menters found that h increased with the pressure, and (in general) 
decreased with the temperature up to a certain point, afterward increas- 
ing (a result the reverse in this respect of that reported by Holborn). 
Figure 170 shows the results graphically. Greene (34) has used these 
in plotting the lines of entropy of superheat, as described in Art. 39cS. 
The Knoblauch and Jakob values are more widely used than any others 
experimentally obtained. They are closely confirmed by the equation 
derived by Goodenough {Principles of Thermodynamics, 1911) from 
fundamental analysis : 



■SPECIFIC HEAT AT CONSTANT PRESSURE 



Fig. 170. Arts. 384, 421. — Specific Heat of Superheated Steam. Knoblauch and 

Jakob Eesults. 


lute, and log (7 = 14.42408. Values given by this equation should 
correspond with those of the curves, Fig. 170. The values in Fig. 171 
are for mean specific heat at the pressure v from saturation to the 


To being the saturation temperature, 

a = 0.367, &= 0.0001. log ?n== 13.07038, 

n =5, A =-7-^8, log {A77i{n+1 ) } == 1 1.500. 

385. Thomas’ Experiments. In these, the electrical nietliod of heating 
and a careful system of radiation corrections were employed (35). Tlie 
conclusion reached was that Ic increases with increase of ]>ressure and 
decreases with increase of teinperature. The variations are greatest near 
the saturation curve. The values given included pressures from 7 to 500 lb. 



Fig. 171. Arts. 3S5, oS8, S98, 417, 1’rob. 42. — Spec.ilic Heat of yuperhoated Steam. 
Thomas’ Experiments. 


per square inch absolute, and superheating ranging up to 270° T. The 
entropy lines and total lieat lines are charted in Thomas’ report. AVithin 
rather narrow limits, the agreement is close between tliese and the Knob- 
lauch and Jakob experiments. The reasons for disagreement outside 
these limits have been scrutinized by Heck (30), who has presented a 
table of the propcrtien of fiiqKrhaafed atmm, based on these and otlier data. 
The steam tables of Marks and Davis (sc'c footnote, p. 202) contain 
a complete set of values for superheated states. Figure 171 shows 
the Thomas results araDhicallv. 




take Kegnauit's value tor it!,, 11)01.94: + U.oOo ^ (Art. doO), then, using 
7c = 0.480e5, we find tlie total heat of sujierlieated steam to be 1081.94 — 
0.1755^ + 0.4805 T. A purely empirical formula, in which Pis the pres-' 
sure in pounds per square foot, is iP= 0.4805( T— 10.37 P'^'"') + 857.2. 
For accurate calculations, the total heat must be obtained by using correct 
mean values for h during successive short intervals of temperature between 
t and T. 

387. Variations of k. Dodge (37) has pointed out a satisfactory method 

for comi3uting the law of variation of the specific heat. Steam is passed 
through a small orifice so as to produce a constant reduction in a constant 
pressure. It is superheated on both sides the orifice ; but, the heat con- 
tents remaining constant during the throttling operation, the temperature 
changes. Let the initial pressure be p, the final pressure Let one 
observation give for an initial temperature t, a final temperature ti ; and 
let a second observation give for an initial temperature T, a final tempera- 
ture Tx- Let the corresponding total heat contents be h, /q, H, J/j. Then 
h — 11= lCp{t — T) and /q — Hi = — Ti). But h = 7q, H — Hi, whence 

h—.H= hi— Hi and = 4 — ^ • If we know the mean value of k for any 

given range of temp>erature, we may then ascertain the mean value for a 
series of ranges at various pressures. 

388. Davis’ Computation of H. The customary method of deter- 
mining k has been by measuring the amount of heat necessarily added 
to saturated steam in order to produce an observed increase of tem- 
perature. Unfortunately,, the value of H for saturated steam has 
not been known with satisfactory accuracy ; it is therefore inade- 
quate to measure the total heat in superheated steam for comparison 
with that in saturated steam at the same pressure. Davis has shown 
(17) that since slight errors in the value of H lead to large errors 
in that of k, the reverse computation — using known values of k to 
determine H — must be extremely accurate ; so far so, that while 
additional determinations of the specific heat are in themselves to be 
desired, such determinations cannot be expected to seriously modify 
values of H as now computed. 


sure and 300° F. expands to atmospheric pressure, the temperature 
becoming 286° F. The total heat before throttling we may call 
= T^'), in which Hi, is the total heat of saturated 

steam at 38 lb. pressure, T^ = 300° F., and 2^ is the temperature of 
saturated steam at 38 lb. pressure, or 264.2° F. After throttling, 
similarly, — in which is the total heat of 

saturated steam at atmospheric pressure, is its temperature 
(212° F.), and is 286° F. Now Ha= and H, = 1160.4 ; while 
from Fig. 171 we find k-^ = 0.57 and /cg = 0.52 ; whence 

= - 0.67(300 - 264.2) + 1150.4 + 0.52(286 - 212) = 1168.47. 

The formula given by Davis as a result of the study of various 
throttling experiments may be found in Art. 360. The total heat 
of saturated steam at some one pressure (e.g. atmospheric) must be 
known. 


A simple formula (that of Smith), which expresses the Davis results with an 
accuracy of 1 per cent, between 70° and 500°, was given in Power, February 8, 1910. 

Bis ^ = 

/ being the Fahrenheit temperature. 


1620 - 1 


389. Factor of Evaporation. The computation of factors of evapora- 
tion must often include the effect of superheat. The total heat of super- 
heated steam — which we may call H, — may be obtained by one of the 
methods described in Art. 386. If Uq is the heat in the water as sup- 
plied, the heat expended is — Iiq and the factor of evaporation is 


390. Characteristic Equation. Zeuner derives as a working formula, 
agreeing with Hirn’s experiments on specific volume (38), 

PF= 0.64901 22.5819 P"®, 

in which P is in pounds per square inch, V in cubic feet per pound, and 
T in degrees absolute Fahrenheit. This applies closely to saturated as 
well as to superheated steam, if dry. Using the same notation, Tumlirz 
gives (39) from Battelli’s experiments. 


to be 85.8. 

391. Adiabatic Equation. Using the value just obtained for R, and Regnault’s 
constant value 0.4805 for k, we find y — 1.298. The equation of the adiabatic 
would then be = c. This, like the characteristic equation, does not hold 

for wide state ranges ; a more satisfactory equation remains to be developed 
(Art. 397). The exponential form of expression gives merely an approximation 
to the actual curve. 


Paths of Vapors 


392. Vapor Adiabatics. It is obvious from Art. 372 that during 
adiabatic expansion of a saturated vapor, the condition of dryness 
must change. We now compute the equa- 
tion of the adiabatic for any vapor. In 
Fig. 172, consider expansion from h to e. 
Draw the isotliermals t. We have 

% - Wrf = ~ + ^ and n,-na = ^, be- 



T. T 


f 9 

Fig. 172. Art. 3S)2.~Equa- ing the variable temperature along da. But 
tion of Vapol Adiabatic. no=nc, and if the specific heat of the liquid be 

T I T L 

constant and equal to c, — = c log^— + ^, the desired equation. 

t/ ^ JL 


If the vajoor be only X dry at J, tlien 


p = .log.~ + 


393. Applications. This equation may of course be used to derive the results 
shown graphically in Art. 373. For example, for steam initially dry, we may 
make AT = 1, and it will be always found that Xc is less than 1. To show that 
water expanding adiabatically partially vaporizes, we make A = 0. To determine 
the condition under which the dryness may be the same after expansion as before 
it, we make x = X. 

394. Approximate Formulas. Rankine found that the adiabatic might be 
represented apiiroximately by the expression, 

i_o 

PF a = constant; 

which holds fairly well for limited ranges of pressure when the initial dryness is 
1.0, but which gives a curve lying decidedly outside the true adiabatic for any con- 


dryness. Jle represented tins oy 


n = 1.035 + 0.100 X, 

for values of X ranging from 0.70 to 1.00, and found it to lead to sufficiently accu- 
rate results for all usual expansions. For a compression from an inii.ial dryne.s.s x, 
n = 1.034 -I- 0.11 X. Where the steam is initially dry, n ~ 1.135 for expansion and 
1.144 for compression. There is seldom any good reason for the ns(; of exponential 
formulas for steam adiabatics. The relation between the true adiabatic and that 
described by the exponential equation is shown by the curves of Fig. 173, after 



Heck (40). In each of these five sets of curves, the solid line represents tlu; 
adiabatic, while the short-dotted lines are plotted from Zeuner’s ecpiation, and tlu' 
long-dotted lines represent the constant dryness curves. In I and If, the; two 
adiabatics apparently exactly coincide, the values of x being 1.00 and 0.75. In 
III, IV, and Y, there is an increasing divergence, for x- = 0.50, 0.25 and 0. Clase 
V is for the liquid, to which no such formula as those discussed could be expiuded 
to apply. 

395. Adiabatics and Constant Dryness Curves. The constant dryness curves 
I and II in Fig. 173 fall above the adiabatic, indicating that heat f.s nUorhed during 
expansion along the constant drgness line. Since tluj tem2:)erature falls during 
expansion, the specific heat alone- these consfa.ni’, limifa 



P F" to pu, assuming pv'"' — P is represented by the formula 

PV— }3V 
n—1 

More accurately, remembering that the "work done equals the loss of 
internal energy, we find its value to be H— h + XR — xr^ in which 
II and I denote the initial and final lieaU of the liquid. 


397. Superheated Adiabatic. Three cases are suggested in Fig. 174, paths 
jk, de, the initially superheated vapor being either dry, ^vet, or superheated at the 


Tl 



N 


Tig. 174, Art. 397. — Steam. Adiabatics. 


end of expansion. If k be the mean value of the specific heat of superheated 
steam for the range of temperatures in each case, then 


for jm, c logs ^ + ^+k logg ^ = 
J-i i 6 -lb 

for jk, c logo ~-\-~ + 'k loge ^ = 
■l a J-l ■‘■h 

for de, c loge ^ log, = 

■L g J-h J (» 


L,n. 

Tl' 


xjRk. 

Ta ' 

■■^+h log«-^. 


398. Entropy Lines for Superheat. Many problems in superheated 
steam are conveniently solved by the use of a carefully plotted entropy 
diagram, as shown in Fig. 175.* The plotting of the curves within the 
saturated limits has already been explained. At the upper right-hand 
corner of the diagram there appear constant pressure lines and constant 
total heat curves. The former may be plotted Avhen Ave know the mean 
specific heat 7c at a stated pressure between the temperatures T and t : the 

'V 

entropy gained being 7c log,—. The lines of total heat are determined 



y~i = lloJ.b, 1 = ooU As au approximation, the total heat of 1200 
B. t. 11 . will require (1200 — 1182. 6) 0.4805 = 36.1° F. of superheating. 
For this amount of superheating at 100 lb. iiressure, the mean specific 
heat is, according to Thomas (Fig. 171), 0.604; whence the rise in tem- 
perature is 17.4-^0.604 = 28.7° F. For this range (second approxima- 
tion), the mean specific heat is 0.612, whence the actual rise of temperature 
is 17.4-^-0.612 = 28,4° F. No further aiiproximation is necessary; the 
amount of superheating at 1200 B. t. u. total heat may be taken as 28° F., 

which is laid off 
vertically from the 
point where the satu- 
ration curve crosses 
the line of 330° F., 
giving one point on 
the 1200 B. t. u. total 
heat curve. 

A few examples 
in the application of 
the chart suggest 
themselves. Assume 
steam to be formed 
at 103.38 lb. pres- 
sure ; required the 
necessary amount of 
superheat to be im- 
parted such that the 
steam shall be just 
dry after adiabatic 
expansion to atmos- 
pheric pressure. Let 
^^s, Fig. 176, be the 

line of atmospheric pressure. Draw st vertically, intersecting dt-, then 
t is the required initial condition. Along the adiabatic ts, the heat contents 
decrease from 1300 B. t. u. to 1150.4 B. t. u., a loss of 149.6 B. t. u. 



Fig. 17G. 


Arts. 398, 399, iOl. — Entropy Diagram, Superheated 
Steam. 


To find the condition of a mixture of unequal weights of water and super- 
heated steam after the establishment of thermal equilibrium, the whole 
operation being conducted at constant pressure : let the water, amounting 
to 10 lb., be at r. Fig. 176. Its heat contents are 1800 B, t. u. Let one 




Fig. 177. Arts. 3‘J9, 416, 4;il, 516, 541, Problems. — The Mollier Diagram. 





completely liquelieil. 

We may iind, from the chart, the total heat in steam (wet, dry, or 
superheated) at auy temperature, the quality and heat contents after 
adiabatic expansion from any initial to any final state, and the specific 
volunie of saturated steam at any temperature and dryness. 

399. The Mollier Heat Chart. This is a variant on the temperature 
entropy diagram, in a form rather more convenient for some purposes. It 
has been developed by Thomas (41) to cover his experiments in the 
sui)erheated region, as in Fig. 177. In this diagram, the vertical coordi- 
nate is entropy ; and the horizontal, total heat. The constant heat lines 
are thus vertical, Avhile adiabatics are horizontal. The saturation curve 
is inclined upward to the right, and is concave toward the left. Lines of 
constant pressure are nearly continuous through the saturated and super- 
heated regions. The quality lines follow the curvature of the saturation 
line. The temperature lines in the superheated region are almost vertical. 
It should be remembered that the “total heat” thus used as a coordinate 
is nevertheless not a cardinal property. The “total heat” at t, Fig. 176, 
for example, is that quantity of heat which would have been imparted had 
water at 32° F.beeii converted into superheated steam at constant pressure. 

It will be noted that within the portion of saturated field which is 
sliown, the total heat at a given pressure is directly proportional to the 
total entropy. This would be exactly true if the water line in Fig. 175 
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coma DO constant.. An empincai equation migau uo wiittuii lu unu luim 

?^,=aFX(/)p, 

where n,, H and P are the total entropy, total heat and pressure of 
a wet vapor. 

The so-called total heat-pressure diagram (Fig. 1S5) is a diagram in which tlie 
co6rdinate.s are total heat above 32° F. and saturation temperature; it usually includes 
curves of (a) constant volume, (b) constant dryness, and (c) in the superheated field, 
constant temperature. Vertical lines show the loss or gain of heat corresponding 
to stated changes of volume or quality at constant pressure. Horizontal lines .show 
the change in pressure, volume, and quality of steam resulting from throttling 
(Art. 387). This diagram is a useful supplement to that of Mollicr. 

Heck has developed a pressure-temperature diagram for both saturated and 
superheated fields, on which curves of constant entropy and constant total heat 
(throttling curves) are drawn. By transfer from these, there is derivc'd a new 
diagram of total heat on pressure, on which arc shown the isothernials of su])erhe.at. 
A study of the shape of these isothermals illustrates the variations in the specific 
heat of superheated steam. 

Vapors in General 

400. Analytical Method: Mathematical Thermodynamics. An expression 
for the volume of any saturated vapor was derived in Art. 368: 

, ^TdP' 

Where the specific volume is known by experiraeirt, this equation may be used for 
computing the latent heat. A general method of deriving this and certain related 
expressions is now to be described. Let a mixture of x lb. of dry vapor with 
(1 — x) lb. of liquid receive heat, dQ. Then 

dQ = kxdT+ c(l-x) dT + Ldx, 

in which k is the “specific heat” of the continually dry vapor, L the latent heat 
of evaporation, and c the specific heat of the liquid. If P, V are the pi’essure and 
volume, and E the internal energy, in foot-pouiuis, of the mixture, then 

dQ, = — = IcxdT -4- c (1 — .r) dT + Ldx, whence 

dE = 778 [lex + c (1 - a;)] r + 778 Ldx - Pd V. 

Now F= (f)T, x; whence dF = dT dx, whence 

ox ox 

dE = 778 [kx 4- c (1 - x)] dT 4- 778 Ldx - P-f^ dT - P &x 

0 T ox 

= 1 778 [kx 4- c (1 - x)] - P if j dP4- ^778 L-P j dx. 



’ ^®8r dThx ^ SxST ^ 8TSx' 

(all properties excepting V and x being functions of T only). 

Tbe volume, V, may be written xu + v, where v is the volume of the liquid and 

? T/ 

M the increase of volume during vaporization. This gives 8F = u8x or ~ = ii, 

8x 


Also, since V = (/) T, x, 


i!L = 

8T8x 8x8T 


, and equation (A) becomes 


i- flF = § + 778 (c - O = „ g, or 


dL . 7^ _ M dP 

dT^"^ ~ 778 df 


(B) 


dQ_ 


Now if the heat is absorbed along any reversible path, = dN, or 


But 


dN = + c(l ~ x)dT + Ldx _ kx + c(l — x) 

J7=(/).,r,wher.cs.i(|f) = A(^). 

8 Z;a; + cCl — _ 8 L 

8x T 8T T' 

k ~ c dT 


2-2 


dT T’ 

which may be combined with (B), giving 

778- — = u = F - u, as in Art, 369. 
TdP 


(C) 

(B) 


401 . Computation of Properties. Equation (D), as thus derived, or as obtained 
in Art. 369, may be used to compute either the latent heat or the volume of any 
vapor when the other of these properties and the relation of temperature and pres- 
sure is known. The specific heat of the saturated vapor may be obtained from 
(C) ; the temperature of inversion is reached when the specific heat changes sign. 
For steam, if A = 1113.94 - 0.695 Z (Art. 379), where t is in degrees F., or 

1113.94 — 0.695(37 — 459.6) where T is the absolute temperature: ^,= — 0.095. 

L 

Also c = 1; whence, from equation (C), k = 0.305 - — , which equals zero when 

07n 4- 

T= 1433° absolute.* At 212° F., k= 0.305 - — ^ = - 1.13.5. This may be roughly 

o71.o 


ojo I If, 7 

representing the heat absorbed is 459. G -|- — — = (i'14.1 ; whence, tlie area is 

G H.l (1.835 — 1.7.S5) = 04.41 B. t. ii., and the mean specilic heat between .s- and h is 
01.41 (212 - 157) = 1.170. The properties of the volatile vapors msod in refriger- 

ation are to some extent known only by computations of this sort. When once 
the pressure-temperature relation and the characteristic equation are ascertained by 
experiment, the otlier properties follow. 

402. Engineering Vapors. The properties of the vapors of steam, carbon 
dioxide, ammonia, s\dphur dioxide, ether, alcohol, acetone, carbon disulphide, carbon 
tetrachloride, and chloroform have all been more or less tlioroughly stndicul. The 
first five are of considerable importance. For ether, alcohol, chlorofortii, carbon dicul- 
phhle, carbon tetrachloride, imd acetone, Zeuner has tabulated the j)ressure, tempera- 
ture, volume, total heat, latent heat, heat of the licpiid, and internal and external 
work of vaporkation, in both French and English units (42), on tlu! b:isis of 
Regnault’s experiments. The properties of these substances as given in Peabody’s 
“Steam Tables” (1890) are reproduced from Zeuner, excepting that the values 
- 273.7 and 420.7 are used instead of — 273.0 and 421.0 for the location of the 
absolute zero centigrade and the centigrade mechanical equivalent of heat, 
respectively. Peabody’s tables for these vapors are in French units only. Wood 
has derived expressions for the properties of these .sixvajiors, but has not tabulated 
their values (43). Rankine (44) has tabulated the pressure, latent heat, and den.sity 
of ether, per cubic foot, in English units, from Regnault’s data. ¥oy carbon dioxide, 
the experimental results of Andrews, (lailletet and ITantercuille, C.'ailletet and 
IMathias (45), and, finally, Aniagat (40), have been collated by JMollier, whose 
table (47) of the properties of this vai)Or has been reju’oduced and extended, in 
F rench and English units, by Zeuner (48). 'J’he vapor tables appended to Chapter 
X VI 11, it will be noted, are based on those of Zeuner. The entropy diagrams for am- 
monia, ether, and carbon dioxide, Figs. 314-316, have the same foundation. 

The present writer (in Vapors for Heat Engines, D. Van Nostrand Co., 1911) 
has computed the entropies and preirared tcmi)eratiU’c-entropy diagrams for alcohol, 
acetone, chloroform, carbon chloride and carbon disulphide. 

403. Ammonia. Anhydrous ammonia, largely used in refrigerating 
machines, was first studied by Eegmnilt, who obtained the relation 


log 27 = 8.4079 


^90 
t ^ 


in which 27 is in pounds per square foot and t is the absolute temperature. 
A ‘‘characteristic equation” between p, v, and t was derived by Ledoux 
(49) and employed by Zeuner to pennit of the computation of V, L, e, t 
and the specific heat of the liquid (the last having recently been deter- 
mined experimentally (oO)). The results thus derived w'ere tabulated by 


lisii units, ine latent heat ot evaporation has been experimentally de- 
termined by Eegnanlt (54) and Von Strombeck (55). Tlie siiecific volume 
of the vapor at — 26.4° F. and atmosiiheric pressure is 17.51 cu. ft. j that of 
the liquid is 0.025 ; whence from equation (D), Art. 400, 


778^^ dT 


.483.2 

'"778" 


(17.51 - 0.025)/^?--^- ^ X 14 7 X 144\ 

433.2 x433.2 > 


:555, 


the value of --- 
dT 


being obtained by differentiating Kegnault’s equation, 


above given. From a study of Regnault’s exj^eriments. Wood has derived 
the characteristic equation, 

T y'jT'O.'jr’ 


which is the basis of his table of the properties of ammonia vapor (56). 
Wood’s table agrees quite closely with Zeuner’s, as to the relation between 
pressure and temperature ; but his value of L is much less variable. For 
temperatures below 0° C., the specific volumes given by Wood are rather 
less than those by Zeuner; for higher temperatures, the volumes vary 
less. Zeuner’s table must be regarded as probably more reliable. The 
specific heat (0.508) and the density (0.597, when air = 1.0) of the super- 
heated vapor have been determined by experiment. 

404 . Sulphur Dioxide. The specific heat of the superheated vapor is given by 
Regnaulb as 0.154;58 (57). The specific volume, as compared with that of air, is 
2.23 (58). The specific volume of the liquid is 0.0007 (59) ; its specific heat is 
approximately 0.4. A characteristic equation for the saturated vapor has been 
derived from llegnault’s exjieriments : 

PF=20.4 r-184Po-22; 

in wliich P is in pounds per square foot, Fin cubic feet per pound, and T in abso- 
lute degrees. The relation between pressure and temperature has been studied by 
Regnault, Sajotschewski, Blumcke, and Miller. Regnault’s observations were 
made between — 40° and 149° F. ; Miller’s, between 68 and 211° F. ; a table repre- 
senting the combined results has been given by Miller (60). In the usual form 
of the general equation, 

log p ■= a — hd’‘ — c’g”, 

the values given by Peabody for pressures in pounds per square inch are (61) 



for this property is L = 170 - 0.27 (C - 32), in which t is the Fahrenheit tempera- 
ture. The experimental results of Cailletet and Mathias, and of Mathias alone (02), 
have led to the tables of Zeuner (03). Peabody, following Ledoux’s analysis, lias 
also tabulated the properties in French units. Wood (04) lias independently com- 
puted the properties in both French and English units. Comporing Wood’s, Zen- 
ner’s, and Peabody’s tables, Zeuuer’s values for L and V are both less than those of 
Peabody. At 0° F., he makes L less than does Wood, departing even more widely 
than the latter from Jacobus’ experimental results (On) ; at 30° F., his value of L is 
greater than Wood’s, and at 104° F., it is again less. The tabulated values of the 
specific volumes differ correspondingly. Zeuner’s table may be regarded as sus- 
tained by the experiments of Cailletet and Mathias, but the lack of concordance 
with the experimental results of Jacobus remains to be ex])laincd. 

405. Steam at Low Temperatures. Ordinary tables do not give the properties 
of water vapor for tcinperatures lower than those corresponding to the absolute 
pressures reached in steam engineering. Zeuner has, however, tabulated them for 
temperatures down to —4° F. (60). 

405rt. Vapors for Heat Engines. Engines liave been built using, 
instead of steam, the vapors of alcohol, gasolene, ammonia, other, 
sulphur dio.xidc and carbon dioxide, with good results as to thermal 
efficiencj'', if not with commercial success. In a simidc condensing 
engine, with a rather low expansive ratio, a considerable saving may 
be effected with some of these vapors, as compared with steam; and 
the cost of the fluid is not a vital matter, since it may be used over and 
over again. Strangely enough, in the case of none of the vapors is a 
very low discharge temperature practically desirable, under usual 
simple condensing engine conditions. This statement applies oven 

T—t 

to steam. The Carnot criterion ■ y - docs not exactly apply, since 

it refers to potential efficiency only : but the use of a substitute vapor 
might perhaps be justified on one of the two grounds, (a) an increased 
upper temperature without excessive pressures or (b) a decreased 
low’er temperature at a reasonable vacuum, say of 1 lb. absolute. 
To meet both requirements the vapor would have to give a pt curve 
crossing that of steam. It is probable that carbon tetrachloride is 
i uch a vapor, bearing such a relation to steam as alcohol does to it. 
i.o great gain is possible in respect to the lower temperature limit, 
s.nce this limit is in any case established b}^ the cooling water. The 
criterion given in Art. 630 measures the relative cfFiciencies of fluids 
working in the Clausius cycle. On this basis steam surpasses all other 



elusion that the output from a cylinder of given size might in the cases 
of some of them be about twice what it is from a steam cylinder. 

On the whole, the use of a special vapor seems to be more promising, 
technically and commercially, than the binary vapor principle (Art. 
183). For a fuller discussion of this subject, reference may be made 
to the work referred to in Art. i02. 

Steam Cycles 


406. The Carnot Cycle for Steam. This is shown in Figs. 163^ 
179. The efficiency of the cycle ahed may be read from the entropy 


diagram as 


T-t 

T 


The external 


work done per pound of steam 
• ““ ij 

is L — ^ — ; or if the steam at h 
T-t 


is wet, it is xL 


T 


If the 


fluid at the beginning of the 
cycle (point a) is wet steam 
instead of water, the dryness 
being x^^ then the work per 



pound 
T- t 
T 


N 

Fig. 179. Art. 40(). — Carnot Cycle for Steam. 


of steam is L{x — 

111 the cycle first discussed, in order that the final adiabatic 


compression may bring the substance, back to its initially dry state at 
a, such compression must begin at where the dryness is md -f- nm. 



The Carnot cycle is impracticable 
with steam ; the substance at d is 
mostly liquid, and cannot be raised 
in temperature by compression. 
What is actually done is to allow 
condensation along cd to be com- 
pleted, and then to warm the liquid 
or its equivalent along ma by trans- 
mission of heat from an external 


on the nuid wiich has passed through the engine, or an external 
supply. This water is now delivered by the feed pump to the boiler, 
in which its temperature and pressure become those along al). The 
work done by the feed pump per pound of fluid is that of raising 
unit weight of the liquid against a liead equivalent to the pressure; 
or, what is the same thing, the product of the specific volume of the 
Avater by the range in pressure, in pounds per square foot. From 
a to b the substance is in the boiler, being changed from water to 
steam. Along he, it is expanding in the cylinder ; along cd it is 
being liquefied in the condenser or being discharged to the atmos- 
phere. In the former case, the resulting liquid reaches the feed 
pump at.c^. In the latter, a fresh supply of liquid is taken in at d, 
but this may be thermally equivalent to the liquid resulting from 
atmospheric exhaust along ed. (See footnote. Art. 502.) The four 

organs, feed pump, boiler, cylinder, 
aiid condense]’, are those essential in 
a steam power plant. The cycle rep- 
resents the changes undergone by 
the fluid in its passage through them. 

408. Clausius Cycle. Tlie cycle 
of Fig. 180, worked without adiabatic 
compj'esdon, is known as that of 
Olaunius. Its entropy diagram is 
shown as debc in Fig. 181, that of 
the corresponding Carnot cycle being 
dhbe. The Carnot efficiency is obviously greater than that of the 
Clausius cycle. For wet steam the corresponding cycles are deld 
and dliJd. 

409. Efficiency. In Fig, 181, cycle debc, the efficiency is 

debc _ idej -P j e bK— idcK _ h,, — \i -f — x^Lf 
idebK idej -pjebK . h, — h^ -(- Aj 



Fig. 181. Arts. 108-413. — Steam 
Cycles. 


T-t-^L 


T-t + L 


wliich. is determined solely hy the tem'perature limits T 'Awd t. For 
steam initially wet, the el’iiciency is 

T~t + XL 

410. Work Area. In Figs. 180, 181, we have 

= {.Pb(yb - Va)'] + {K + n - \l - IPc^'cC.^/ - - O 5 

ignoring the small amount of work done by the feed pump in forcing 
the liquid into the boiler. But poCPb — ^a) = ^6 Pc^cCP/ — '^d) = 
(Art. 359), whence 

TF= /ig + Aj — h^ — x^Lj-^ 

a result identical with the numerator of the first expression in Art. 
409. 

411. Rankine Cycle. The cycle dehgq^ Fig. 181, abyqd, Fig. 180, 
is known as that of Rankine (67). It differs from tliat of Clausius 
merely in that expansion is incomplete, the “toe” gcq. Fig. ISO, 
being cut off by the limiting cylinder volume line gq. This is tlie 
ideal cycle nearest whicli actual steam engines Avork. TJie line gq in 
Kig. 181 is plotted as a line of constant volume (Art. 377). Tlie 
efficiency is obviously less tlian that of the Clausius cycle; it is 

ehgqd ^ IF,, ( Fig. 180) 

idehK \ — Jia + Li, 

= \-Pb('^b - Va)~\ + {K + r,, ~ - Vj')^ _ 

he — h^ + Lh 

The values of 7i,., x^^ r„ x^^ depend upon the limiting volume 

and may be most readily ascertained by inspecting Fig. 175. Tlie 

computation of these properties resolves itself into the problem : aiven 






> r o net V 


Vg-v^ = Xg(y,-v;), = 

leer TlJ^hk 
■‘ ex' rn ' m 

X — ~ ~ _ -e;. le 

^ Tig — ?/,. Wj — 7i,,. I/s-^ Tj. ’ 

whence 

'^(7 7)^ -]- ^ 

in which Vg, Te, U are given, Vr = 0 . 017 , and v,, L, are functions of 
Tr, the value of which is to be ascertained. The greater the ratio 
of expansion, Vg^Vj,, Fig. 181 , with given cyclic limits, the greater 
is the efficiency. 

412. Non-expansive Cycle. This appears as debt, Fig. 181 ; and'ak'fZ, Fig. 180. 
No expansion occurs ; work is done only as steam is evaj^orated or condensed. 
The efficiency is (Fig. 181) 

debt _ TFg^ - W,a (Fig. 180) _ Pafra - Vg) - ih (H - Vd) . 
idsbli hf, — -{• L I lig — /i ^ + Li 


This is the least efficient of the cycles considered. 

413. Pambour Cycle. The cycle dehf, Fig. 181, represents the operation of a 
plant in which the steam remains dry throughout expansion. It is called the 
Pambour cycle. Expansion may be incomplete, giving such a diagram as debuq- 
Let abed in Fig. 180 represent debfiw Fig. 181. The efficiency is 


external work done external work done 

gross heat absorbed heat rejected + external work done 


_ + Wj,^- Wod _ PhjVh - Vg) + lt)( PhVh-PPf) - Pfi'Of - Vd) 

L/+ IFa!, + Wbc- Wcd Lf->r p,,(vi, ~ lfj(pi,vi,~ Pfv^) - Va)’ 

in which the saturation curve bf may be represented by the formula pv^'^ = con- 
stant (Art. 363). A second method for computing the efficiency is as follows: 
fTL 

the area dehf — i^dT, in which T and t are the temperatures along eh and df 
respectively, and L-{f)T= 1433 - 0.695 T (Art. 379) . This gives 


dehf^ 1433 log.-y - 0.695 (T - 0, 


T 


0 ^ a 


and the efficiency is 


14???. 1 


exactly represent the saturation curve, nor does the formula for L in terms of T 
hold rigorously. 

Of the whole amount of heat supplied, the portion Kbfv was added 
during expansion, as by. a steam jaclcet (Art. 439). To ascertain this 
amount, we have 

heat added by jacket 

= whole heat supplied — heat present at beginning of expansion 
= 1433 log, j- 0.695 (T- i) + L^- \ - Aj. 

The efficiency is apparently less than that of the Clausius cycle (Fig. 
181). In practice, however, steam jacketing increases the efficiency of 
engines, for reasons which will appear (Art. 439). 

414. Cycles with Superheat. As in Art. 397, three cases are pos- 
sible. Figure 182 shows the Clausius cycles dehxw, dehyf, dehzAf, 
in which the steam is respectively wet, dry, and superheated at the 
end of expansion. To appreciate 
the gain in efficiency due to super- 
heat, compare the first of these 
cycles, not with the dry steam 
Clausius cycle dele, but with the 
superior Oarnot cycle dhhe. If the 
path of superheating were h O, tlie 
efficiency would be unchanged ; 
the actual path is hx, and the work 
area 5a; (7 is gained at 100 per cent 
effiiciency. The cycle dhbxw is 
thus more efficient than the Car- 
not cycle dJibc, and the cycle 
dehxw is more efficient than the Clausius cycle dehc. It is not more 
efficient than a Carnot cycle through its own temperature limits. 

The cycle dehyf shows a further gain in efficiency, the work area 
added at 100 per cent effectiveness being hyE. The cycle dehzAf 
shows a still greater addition of this desirable work area, but a loss of 

Am oTmoor-a Msi-vimnm pffim'pnnAr finnpn.rs to bo sponroH 
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Fig 182. Art. 414. — Cycles with 
Superheat. 


raise the temperature of heat emission, as in the cycle dehzAf the 
efficiency begins to fall. 


415. Efficiencies. The work areas of the tliree cycles discussed 
may be thus expressed : 
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spective pressure and temperature ranges. The efficiencies are 
obtained by dividing these expressions by the gross amounts of lieat 
absorbed. The equations given in Art. 897 permit of computation 
of such quantities as are not assumed. 

416. Itemized External Work. The pressure and temperature at tiie 
beginning of expansion being given, the volume may be computed and 
the external work during the reception of heat expressed in terms of 
P and V. The temperature or pressure at the end of expansion being 
given, the volume may be computed and the negative external work 
during the rejection of heat calculated in similar terms. The whole 
work of the cycle, less the algebraic sum of these two work quantities 
(the feed pump work being ignored), equals the work under the 
adiabatic, which may be approximately checked from the formula 
P — • 'pv 

~ n~ 1 ’ ^ suitable value being used for n (Art. 394). A second 

approximation may be made by taking the adiabatic work as equivalent 
to the decrease in internal energy, which at any superheated state has 

the value h-\-r t'), T being the actual temperature, and h, r. 


of expansion. (See the author’s “ Vapors for Heat Engines,” D. 
Van Nostrand Co., 1912.) 

417. Comparison of Cycles. In Fig. 183, we have the following 
cycles : 



Clausius, with dry steam, dehc (the corresponding Carnot 

cycle being dhbc'); 

with wet steam, dekl ; 

Rankine, with dry steam, dehgq-, 

with wet steam, dekJq-, 

Non-expansive, with dry steam, debt-, 

with wet steam, dekK', 

Pambour, complete expansion, debf; 

incomplete expansion, debuq ; 

Superheated to x, complete expansion, debxw ; 

incomplete expansion, debxLuq ; 
no expansion, debxNp’, 

Superheated to y, complete expansion, debyf-, 

incomplete expansion, debyMuq’, 
no expansion, debyRs-, 





The lines th, pNx, sRy, loVz, quT, are lines of constant volume. 
Superheating without expansion would be unwise on either technical 
or practical grounds ; superheating with incomplete expansion is the 
condition of universal practice in reciprocating engines. The 
seventeen cycles are drawn to PV coordinates in Fig. 184. 

IP 
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Fig. 184. Arts. 417, 4213, 424, 517. — Sovoiitcon Stoaiu Cy(',le.s. 


Illustrative P iioblem 

To compare ihe ejficiencie.'^, and the cyclic nreax related lathe maximum rnlume at- 
tained: lettlie maximum pressure bo 110 lb., the minimum pro.ssure‘J lb., ami consider 
the Clausius cycle (a) with steam initially dry, (/;) with steam initially 00 per cent 
dry; the Rankine with initially diy steam and a maximiim volume of 10 cu. ft., 
the same Rankine with steam initially 00 per cent dry ; tin! non-('X])ansive 
with steam dry and 90 per cent dry; the Rambour (u) with comjdete expansion 
and (li) with a maximum volume of 10 cu. ft.; and the. nine types of superheated 
cycle, the steam being; (a) 90 per cent dry, (/;) dry, (c) 10'’ F. sn]ierheated, at the 
end of complete expansion; and expansion being (u) complete, (A) limited to a 
maximum volume of 13 cu. ft., (c) eliminated. 

I. Clausius cycle. The yross heat ahsoi'bed is /( j,j(, — //„ + 71 321-.0 — 9-1.0 807. 0 

= 1098. 3. 

The dmjness at the end of expansion is dc -h df, Fig. 183, = {n,. — na -f n,.,^ -r- uuf 
= (0.5072 - 0.1749 + 1.0075) ^ 1.74:11 == O.SO.}. 

The heat rejected along cd is x,.Lf=: 0.803 x 1021 = SID.//.. 

The work done is 1098.2 — 81 9.4 = 378. SB. t. u. The ej/icleucy is .y = 0.35//. 

The efficiency oi the corresponding Carnot cycle is 
353.1 -150.15 


COMPARISONS 


279 


The heat rejected along Id is XiLf— 0.741 x 1021 = 756. 

The loorh done is 101.5.44 — 750 = 259.44 B. t. u. 

The efficiency is = 0.254- 

1015.44 

(It is in all cases somewhat less than that of the initially dry steam cycle.) 


III. liankine cycle, dry steam. The gross heat absorbed, as in T, is 109S.2. 

The work (dong de, Fig. 184, is 144 x 108 x 0.017 = 338.5 foot-pounds (Art. 407); 
along eh is 144 x 140 x (Fb — 0.017) = 64,300 foot-pounds ; 

(n = 0.219) ' 

along bg is h^ + ?'& — hz — XgVg = 100.76 B. t. u. 

(From Fig. 175, ^, = 247^^, whence = 947.4, F„=14.52, = 

= 0.895.) 

'^Za Ba - 7 - 7 „ 

= r0-5072-2.:3 (log T„ - log491.G) + 1.0075] T„ 

1400 - 0.005 Tg 

For Tg ~ 247° F. = 700.0° absolute, this equation gives Xg = 0.905 ; a suffi- 
cient check, considering tluit Fig. 175 is based on a different set of values 
than those used in the steam table. Tlien liz = 215.4, rg = 871.0. 

The work along <]d is Tf) = 141 x 2 x (10 — 0.017)= 3740 foot- 

pounds. 

The whole work of (he cycle is + 109. 7G = 1S7.29 B. t. u. 


778 


The efficiency is = 0.1704. 

1098.2 


IV. liankine cycle, wet steam. The gross heat absorbed is as in TI, 1015.44- 

The negative work along de and (pi is, as in III, 008.5 + 0740 = 4078.5 foot- 
pounds. 

The work (dong ek is 144 x 140 x 0.90(17, - 0.017)= 57,870 foot-pounds. 
The work (dong k.T is h,, + .iVA — hx — XjTy = 99.8 B. i. u. 

(From Fig. 175, tx = 242° F., whence hx = 210.0, ?>= S75..3, Vt= 15.78, 
10 - 0.017 


15.78 - 0.017 


= 0.820.) 


The whole work (f the cycle is ^ 40 < 8. 5 gg^g _ j3, y. 


778 


The efficiency is — = 0.1667. 
1015.44 



The work along cle, ek, as in iV, is - ;wo.o + oi,oiu = o/,odj..o jooc-pvimus. 
The work along Kd is 

Pdi^K- 0.017)= 144: X 2 X 0.90 x (3.219 - 0.17)= S29.S fool-pounds. 
The whole work of the cycle is 

57,531.5 - 829.8 = 56,701.7 foot-pounds = 73 B. t. u. 

n 

The efficiency is = 0.0732. 

VIT. Pamhour cycle, complete expansion. The heat rejected is Lf— 1021.0. 

The work along de, eh, as in III, is — 338.5 -|- 64300 = 63,061.5 foot-pounds. 
The work along If is 

PhVb - P/Vf - 144 f ~ = 236,300 foot-pounds. 

n — 1 \ i 7f “ 1 > 

The work along fd is Pd( Vf — Vo) = 2 x 144 (173.5 — 0.017) = 4-0,000 foot- 
pounds. ! 

The luhole loork of the cycle is 63,961.5 -f- 236,800 — 49,900 = 250,361.5 foot- 
pounds. 

(Otherwise 1433 logj—— 0.695 (T — <) = 312 B. t. u. = 242,000 foot-pounds 
(Art. 413).) ^ 

Using a mean of the two values for the whole work, the gross heat absorbed 
is + 1021 = 1340 B. t. u. and the efficiency is 

The heat supplied by the jacket is 1340 — 1098.2 = 246.3 B. t. u. 


VIII. Pamhour cycle, incomplete expansion (debuq). In this case, we cannot 
directly find the heat rejected, nor can we obtain the work area by inte- 
gration.* From Fig. 175 (or from the steam table), we find !r„ = 253.8'’ F., 
P„= 31.84. The heat area under bu is then, very nearly, 

Tn + n 


•(n« 




1.67i7) = OS B. 1 . 11. 


The lohole heat absorbed is then 1098.2 4- 92 = 1100 2 B. t. u. 

The work along de, eb, as in VII, is 63,061.5 foot-pounds. 

The work along bu is 144 x 16 [(140 x 3.219) — (31.84 x 13)] = 35,300 foot- 
pounds. 

The work along qd, as in III, is 3740 foot-pounds. 

The whole work of the cycle is 

63,961.5 + 85,800 — 3740 = 146,021.5 foot-pounds = 133.2 B. t. u. 

1 QQ O 

The efficiency is ^ = 0.1535. 

1190.2 


* A .satisfactory solution may be had by obtaining the area of the cycle in two parts, a 
horizontal line being drawn through u to de. The upper part may then be treated as a com- 
plete-expansion Pambour cycle and the lower as a non-expansive cycle. The gross heat 
absorbed is equal to the work of the upper cycle plus the latent heat of vaporization at the 
division temnerature nlus the difference of the heats of lionid at tlie division temnerature 


1481.8 - 94.0 = 1387.8, 


The heat rejected is XwLf= 0.96 x 1021 = 981. 

The external luork done is 1387.8 — 981 = 406.3, and the efficiency is 


406.8 

1387.8 


0.293. 


(The efficiency of the Carnot cycle -within the same temperature limits is 


931.1 - 126.15_^„v 
931.1 4- 459.6 ' 


X. 


The same superheated cycle, with incomplete expansion. 

The whole heat absorbed, as before, is 1387.8. 

The work done alony de, eh, as in III, is 63,961.5 foot-pounds. 

The work done along hx is 

PbCV^ - I 4 ) = X 140(5.96 - 3.219)= 55,000 foot-pounds. 
The loork done along xL is 

= m /(MO X 5.M)-(51.1_>Q3)\ ^ 
n — 1 \ 0.298 J 


/SQfi\ 1.288 

{Vl = 13, Pl = = 51-1 ; a procedure 


which is, however, only approximately correct (Art. 391).) 

The work along qd, as in III, is 3740 foot-pounds. 

The whole work of the cycle is 

63,901.5 +55,000 + 81,.500 - 3740 = 196,721.5 foot-pounds = 253.5 B. t. u. 


The efficiency is 


0.183. 


XI. The same superheated cycle, worked non-expansively. The gross heat absorbed 
is 1387.8. 

The wo7'k along de, eh, hx, as in X, is 118,961.5 foot-pounds. 

The lomdc along pd is 2 x 144 x (5.96 — 0.017) = 1716 foot-pounds. 

The whole work of the cycle is 

118,961.5 - 1716 = 117,245.5 foot-pounds = 150.0 B. t. u. 

The efficiency is ■ - = 0.1086. 

1387.8 


XII. Superheated cycle, steam dry at the end of expansion, complete expansion ; cycle 
dehyf. 

We have Uy = nf = 1.918. This makes the temperature at y above the 
range of our table. Figure 171 shows, however, that at high tempera- 
tures the variations in the mean value of k are less marked. We may 
perhaps then extrapolate values in the superheated steam table, giving 
Ty = 1120.1° F., Hy = 1573.5, Vy = 6.81. The whole heat absorbed, above 
is then 1573.5 — 94.0 = 14-79.5. The heat rejected is Lf= 1021. 



Xni. Superheated cycle as above, hut with incnmjilete expansion. Tli(3 r/ross heat 
absorbed is 1479.5. 

The work done along de,eb, as in III, is 6>'>,D(>1. 5 foot-pounds. 

The luork done along by is .144 x 140 x (G.Sl - o LT!))=: 72,200 foot-pounds. 

/Q 31X1.21)8 

ThQ pressure at M is approxuiiatc.ly. ^ 

The work done along yM is 14 = si, 100 foot- 

\ O.Ji'O / 

pounds, also approximately. 

The loork done along qd, as in III, is 3740 foot-pounds. 

The rvhole work of the cycle is 

63,961.5 + 72,200 + 81,100 - 3740 = 213,521.5 foot-pounds = 275 B. t. u. 
ThQ efficiency is — z= 0.1S7. 

XIV. Superheated cycle as above, but without expansion. The gross heat absorbed 
is 1479.5. 

The toork along de, eh, by, as in XIII, is 130,101,5 foot-pounds. 

The work along sd is 2 x 144 x (6.81 — 0.017) = 1.952 foot-pounds. 

The total work is 136,161.5 — 1952 = 134,200.5 foot-pounds = .172,7 B. U u. 

The efficiency is = 0,117. 

' 1479.5 

XY. Superheated cycle, steam superheated 40 ^ B. at the end of expansion; expan- 
sion complete; cycle debzAf, We have ?),,=: w~ = 1.0186. A rather 
doubtful extrapolation now makes 71, = 1202. P .F., 1613.4, V^ 

= 7.18. Tha whole heat absorbed is 161.3.4 — 04.0= I5l.n.4. The heat re- 
jected is Ha. = 1133,2, The total work is 1510.4 — 1133.2 = 3S6.2 B, t. u,, 

andithQ, efficiency is 0,255. 

1510.4 

XYI. The same superheated cycle, with incomplete expansion. The pressure at T is 

/7.18\1.2'.i8 

140 =65.3 pounds. The icork along zT (approximately) is 

144 - ( . ^2-1 X 1=^) ^ 73,900 foot-pounds. The whole work is 

63,961.5 -1- [144 X 140 x (7.18 - 3.210)] + 73,000 - 3740 = 213,921.5 foot- 
pounds = 275.3 B. t. u., and the efficiency is — = 0.1S2. 

^ 1510.4 

XVII. The same superheated cycle without expansion. The total work is 63,061.5 + 
[144 X 140 X (7.18 - 3.210)] - [2 x Mix (7.18 - 0.017)] =141,701.5 foot- 
pounds = 182,2 B. t. u., and the effciency is 0.1203. 


would have perceptibly reduced the efficiency); Pambour, with com- 
plete expansion, 0.238 ; with incomplete expansion, 0.1585 ; Ranldne, 
with dry steam, 0.1704 ; with wet steam, 0.1667 ; non-expansive, with 
dry steam 0.074; with wet steam, 0.0722. The economical impor- 
tance of using initially dry steam and as much expansion as possible 
is evident. The Pambour type of cycle has nothing to commend it, 
the average temperature at which heat is received being lowered. 
The Ranldne cycle is necessarily one of low efficiency at low expan- 
sion, the non-expansive cycle showing the maximum waste. 

Comparing the superheated cycles, we have the following 
efficiencies : 


Cycle 

Complete Expansion 

Incomplete Expansion 

No Expansion 

debxio 

0.293 

0.183 

0.1086 

dehyf 

0.31 

0.187 

0.117 

debzAf 

0.255 

0.182 

0,1203 


The approximations used in solution* will not invalidate the 
conclusions (a) that superheating gives highest efficiency when it is 
carried to such an extent that the steam is about dry at the end of 
complete expansion; (5) that incomplete expansion seriously re- 
duces the efficiency ; (c?) that in a non-expansive cycle the effi- 
ciency increases indefinitely with the amount of superheatiog. As 
a general conclusion^ the economical development of the steam en- 
gine seems to be most easily possible by the use of a superheated 
cycle of the finally-dry-steam type, with as much expansion as pos- 
sible. We shall discuss in Chapter XIII what practical modifica- 
tions, if any, must be applied to this conclusion. 

The limiting volumes of the various cycles are 
Vc for the Carnot, I, = 139.3, FJ,, for IX = 166.5. 

K for 11 = 128.2. IT for XI = 5.96. 


F„=F„forIII,IV,VIII,X,Xin,XVI = l3.0. F„ for XIV =6.81. 


K for V = 3.219. 


F, for XV = 186.1. 


T/ vrr 


rr wvt-tt 


1 Q 


o n 






cyclic area ^ whicli quotient lias the following values* : — 
maxiniuin volume 

Carnot, temperature range x entropy range 

= 226,95(1.5747 — 0.1749)= 317.5 : quotient = = 2.29. 


I. 

278.8 

-^139. 

3 = 2.00. 

X. 

253.5 

-4-13 = 

19.45. 

II. 

259.44-^128.2 = 2.015. 

XI. 

150.6 

-4-5.96 

= 25.3. 

III. 

187.21 

)-=-13 

= 14.4. 

XII. 

458.5 

= 173.; 

) = 2.65, 

IV. 

169.1 

-4-13 = 

= 13.0. 

XIII. 

275 -4- 

13 = 21.1. 

V. 

81.05 

-4-3.219 = 25.1. 

XIV. 

172,7 

= 6.81 

= 25.4. 

VI. 

73.0-4 

-2.9 = 

:25.1. 

XV. 

386.2 

-4- 186.1 = 2.075. 

VII. 

318 = 

173.5 

= 1.84. 

XVI. 

275.3 

-4-13 = 

21.1. 

VIII. 

188.2 

-4-13 = 

= 14.5. 

XVII. 

182.2 

= 7.18 

= 25.5. 

IX. 

406.8 

= 166, 

.5 = 2.445. 






Here we find a variation much greater than is the case with the 
efficiencies ; but the values may be considered in three groups, the 
first including the five non-expansive cycles, giving maximum 
capacity (and minimum efficiency) ; the second including the six 
cycles witli incomplete expansion, in wliich the capacity varies from 
13 to 21.1 and the efficiency from 0.16(S5 to 0.1(S7 ; and tlie tiiird 
including six cycles of maximum efficiency but of minimum capacity, 
ranging from 1.84 to 2. 66. In this group, fortunately, the cycle of 
maximum efficiency (XII) is also that of maximum capacity. 


* The assumption of a constant limiting volume line Tuq, Fig. ISll, is scarcely 
fair to the superheated steam cycles. In practice, either the ratio of expansion or the 
amount of constant volume pressure-drop at the end of expansion is assumed. As the 
first increases and the second decreases, the economy increases and tlie capacity liguro 
decreases. The following table suggests that with either an e(|ual pressure drop or an 
equal expansion ratio the efficiencies of tlie superheated cycles would compare still 
more favorably with that of the Rankine : — 


Cycles avitii Incoaiclete Expansion 


Cycle 

llATtO OV E.M’ANSION 

PiiEssuitr. Dr.oi* 

Rankine 

iq -e ly = Ri -- .3.21i) = 4.04 

jq - P, = 20.3 


Practically, high efficiency means fuel saving and high capacity 
means economy in the first cost of the engine. The general incom- 
patibility of the two affords a fundamental commercial problem in 
steam engine design, it being the function of the engineer to estab- 
lish a compromise. 

419. The Ideal Steam Engine. No engine using saturated steam can develop 
an efficiency greater than that of the Clausius cycle, the attainable temperature 
limits in p>resent practice being between 100° and 400° F., or, for non-conden.sing 
engines, between 212° F. and 400° F. The steam engine is inherently a wasteful 
machine ; the wastes of practice, not thus far considered in dealing with the ideal 
cycle, are treated with in the succeeding chapter. 


The Steam Tables 

420. Saturated Steam. The table on pages 247, 248 is abridged from Llarhs’ 
and Davis’ Tables and Diagrams (18). In computing these, the absolute zero 
was taken at — 459.04° F. ; the values of h and ?i,„ were obtained from the expeiu- 
ments of Barnes and Dietrici (08) on the specific heat of water; the mechanical 
equivalent of heat was taken at 777.52 ; the ijressure-temperature relation as found 
by Ilolborn and rienning (Art. 300) ; the thermal unit is the “mean B. t. u.” (sec 
footnote, Art. 23); the value of II is as in Art. 388; and the specific volumes 
were computed as in Art. 3G8. The symbols have the following significance : — 

P ~ pressure in pounds per square inch, absolute; 

T ~ temperature Fahrenheit; 

V = volume of one pound, cubic feet; 

h — heat in the liquid above 32° F., B. t. u. ; 

H — total heat above 32° F., B. t. u. ; 

L ~ heat of vaporization = 7/ — /i, B. t. u. ; 

r = disgregation work of vaporization = L ~ e (Art. 359), B. t. u. ; 

n,„ = entropy of the liquid at the boiling point, above 32° F. ; 

ne ~ entropy of vaporization = y/, 

n, = total entropy of the dry vapor = nui 4- ne. 

421. Superheated Steam. The computations of Art. 417 may suggest the 
amount of labor involved in solving problems involving superheated steam. This 
is- largely due to the fact that the specific heat of superheated steam is variable. 
Figure 177, repi’esenting Thomas’ experiments, may be employed for calculations 
which do not include Amlumes; and volumes may be in some cases dealt with by 


the total heat at saturation ; the entropy is coini)ute(l in a corresponding manner. 
The specific volumes are from the Linde formula. 


PROPERTIES OF SUPERHEATED STEAM 


.SirPKitnHAT, °F 

40 

00 

300 

.300 

400 

GOO 

600 

Absolute Pressure 

Lbs. per Square Inch 


- t = 1‘11.7 

V = 357.8 

191.7 

387.9 

301.7 

453.7 

401.7 

513.4: 

501.7 

573.1 

001.7 

032.7 

701.7 

092.4 



11= 1122.0 

1115.3 

1195.0 

1241.5 

1287.0 

1334.1 

1381.0 



71 = 2.0009 

2.0131 

2.1145 

2.1701 

2.2218 

2.2079 

2.1100 



r ( = iGo.i 

210.1 

320.1 

420.1 

520.1 

020.1 

720.1 

2 


V = 180.1 

201.2 

231.2 

204.1 

293.9 

323.8 

353.0 


11= 1133.2 

1150.1 

1200.4 

1252.4 

1298.0 

134-5.2 

1392.2 



n = 1.9-180 

1.0830 

2.0529 

2.1071 

2.1580 

2.2044 

2.2459 



r ( = 280.1 

330.1 

440.1 

540.1 

040.1 

74-0.1 

840.1 

25 

■! 

F = 17.35 

18.01 

21.32 

23.77 

20.20 

28.01 

31.01 

11= 117.9.G 

1203.1 

1255.0 

1302.8 

1350.1 

1397.5 

1445.4 



n = 1.7102 

1.7712 

1.8330 

1.8827^ 

1.9277 

1.9088 

2.0078 



r 1 = 3G7.8 

417.8 

527.8 1 

027.8 

727.8 

827.8 

927.8 

100 


F=1.72 

5.07 

5.80 

0.41 

7.07 

7.09 

8.31 


00 

II 

tel 

1234.0 

1289.4- 

1337.8 

1385.9 

1431.1 

1482.5 



[ n = 1.0291 

1.0000 

1.7188 

1.7050 

1.8079 

1.8408 

1.8829 



r t = 3.93.1 

443.1 

553.1 

053.1 

753.1 

8.53.1 

953.1 

140 


V= 3.41 

3.70 

4.24 

4.71 

5.10 

5.01 

0.00 


//= 1215.8 

1242.8 

1298.2 

1340.9 

1395.4 

1443.8 

14-92.4 



n = 1.0031 

1.0338 

1.0910 

1.7370 

1.7792 

1.8177 

1.8533 



' t = 398.5 

448.5 

558.5 

058.5 

758.5 

8.58.5 

958.5 

150 


V= 3.22 

3.40 

3.97 

4.41 

4.84 

5.25 

5.07 


11= 1217.3 

1244.4 

1300.0 

1348.8 

1397.4 

1445.9 

1494.0 

■ — 

- 

n = 1.5978 

1.0280 

1.0802 

1.7320 

1.7735 

1.8118 

1.84-74 


t - temperature Fahrenheit ; V = specific volume ; II = total heat above 32° F. ; 
n = entropy above 32° F. 

(Condensed from^ Sfeam Tables and Diaumms, by Marks and Davis, with the per- 
mission of the publishers, Messrs. Longmans, Green, & Co.") 



(Condensed from Steam Tables and Diagrams, by Marks and Davis, with the permis- 
sion of the publishers, Messrs. Longmans, Green, & Co.) 


p 

T 

7 

h 

L 

JI 



1}q 

ns 

1 

101.83 

333.0 

69.8 

1034.6 

1104.4 

972.9 

0.1327 

1.8427 

1.9754 

2 

126.15 

173.5 

94.0 

1021.0 

1115.0 

956.7 

0.1749 

1.7431 

1.9180 

3 

141.52 

118.5 

109.4 

1012.3 

1121.6 

946.4 

0.2008 

1.6840 

1.8848 

4 

153.01 

90.5 

120.9 

1005.7 

1126.5 

938.6 

0.2198 

1.6416 

1.8614 

5 

162.28 

73.33 

130.1 

1000.3 

1130.5 

932.4 

0.2348 

1.6084 

1.8432 

0 

170.06 

61.89 

137.9 

995.8 

1133.7 

927.0 

0.2471 

1.5814 

1.8285 

7 

170.85 

63.56 

144.7 

991.8 

1136.5 

922.4 

0.2579 

1.5582 

1.8161 

8 

182.86 

47.27 

150.8 

988.2 

1139.0 

918.2 

0.2673 

1.5.380 

1 .8053 

9 

188.27 

42.36 

156.2 

985.0 

1141.1 

914.4 

0.2756 

1 .5202 

1.7958 

10 

193.22 

38.38 

161.1 

982.0 

1143.1 

910.9 

0.2832 

1.5042 

1.7874 

11 

197'. 75 

35.10 

165.7 

979.2 

1144.9 

907.8 

0.2902 

1.4895 

1.7797 

12 

201.96 

32.36 

169.9 

976.6 

1146.5 

904.8 

0.2967 

1.4760 

1.7727 

13 

205.87 

80.03 

173.8 

974.2 

1148.0 

902.0 

0.3025 

1.4039 

1.7664 

14 

209.55 

28.02 

177.5 

971.9 

1149.4 

899.3 

0.3081 

1.4523 

1.7604 

15 

213.0 

26.27 

181.0 

969.7 

1150.7 

896.8 

0.3133 

1.4416 

1.7549 

16 

216.3 

24.79 

184.4 

967.6 

1152.0 

894.4 

0.3183 

1.4311 

1.7494 

17 

219.4 

23.88 

187.5 

965.6 

1153.1 

802.1 

0.3229 

1.4215 

1.7444 

18 

222.4 

22.16 

190.5 

963.7 

1154.2 

889.9 

0.3273 

1.4127 

1.7400 

19 

225.2 

21.07 

193.4 

961.8 

1155.2 

887.8 

0.3315 

1.4045 

1.7360 

20 

228.0 

20.08 

196.1 

9G0.0 

1156.2 

885.8 

0.3355 

1.3965 

1.7320 

21 

230.6 

19.18 

198.8 

958.3 

1157.1 

883.9 

0.3393 

1.3887 

1.7280 

22 

233. 1 

18.37 

201.3 

956.7 

1158.0 

882.0 

0.3430 

1.3811 

1.7241 

23 

235.6 

17.02 

203.8 

955. 1 

1158.8 

880.2 

0.3465 

1.3739 

1.7204 

24 

237.8 

16.93 

206.1 

953.5 

1159.6 

878.5 

0.3499 

1.3670 

1.7169 

25 

240.1 

16.30 

208.4 

952.0 

1160.4 

876.8 

0.3532 

1.3604 

1.7136 

26 

242.2 

15.72 

210.6 

950.6 

1161.2 

875.1 

0.3564 

1 .3542 

1.7106 

27 

244.4 

15.18 

212.7 

949.2 

1161.9 

87 3. 5 

0.3594 

1.3483 

1.7077 

28 

246.4 

14.67 

214.8 

947.8 

1162.6 

872.0 

0.3623 

1.3425 

1.7048 

29 

248.4 

14.19 

216.8 

946.4 

11(!3.2 

870.5 

0.3652 

1.33(i7 

1.7019 

30 

250.3 

13.74 

218.8 

945.1 

1163.9 

869.0 

0.3680 

1.3311 

1.0991 

31 

252.2 

13.32 

220.7 

943.8 

1164.5 

867.6 

0.3707 

1.3257 

1.6964 

32 

254.1 

12.93 

222.6 

942.5 

1165.1 

866.2 

0.3733 

1.3205 

1.6938 

33 

255.8 

12.57 

224.4 

941.3 

1165.7 

864.8 

0.3759 

1.3155 

1.6914 

34 

257.6 

12.22 

226.2 

i)40.1 

1166.3 

863.4 

0.3784 

1.3107 

1.0891 

35 

259.3 

11.89 

227.9 

938.9 

1166.8 

862. 1 

0.3808 

1.3060 

1.6868 

36 

261.0 

11.58 

229.6 

937.7 

1167.3 

860.8 

0.3832 

1.3014 

1.0846 

37 

262.6 

11.29 

231.3 

936.6 

1167.8 

859.5 

0.3855 

1.296!) 

1.0824 

38 

204.2 

11.01 

232.9 

935.5 

1168.4 

858.3 

0.3877 

1.2!)25 

1.0802 

39 

265.8 

10.74 

234.5 

934.4 

1168.9 

857.1 

0.3899 

1.2882 

1.0781 

40 

267.3 

10.49 

236.1 

933.3 

1169.4 

855.9 

0.3920 

1.2841 

1.0761 

41 

268.7 

10.25 

237.6 

932.2 

1169.8 

854.7 

0.3941 

1.2800 

1 0741 

42 

270.2 

10.02 

239.1 

931.2 

1170.3 

853.6 

0.3962 

1.2759 

1.6721 

43 

271.7 

9.80 

240.5 

930.2 

1170.7 

852.4 

0.3982 

1.2720 

1.6702 

44 

273.1 

9.59 

242.0 

92!). 2 

1171.2 

851.3 

0.4002 

1.2681 

1.6083 

45 

274.5 

9.39 

243.4 

928.2 

1171.0 

850.3 

0.4021 

1.2644 

1.6665 

46 

275.8 

9.20 

244.8 

927.2 

1172.0 

849.2 

0.4040 

1.2607 

1.6647 




(Condensed from Steam Tables and Diagrams, by Marks and Davis, with tlie permis- 
sion of the publishers, Messrs. Longmans, Green, & Co.) 


p 

T 

I' 

h 

L 

// 

r 




61 

282.3 

8.. 35 

251.4 

922.6 

1174.0 

844.0 

0.4130 

1.2435 

1.(5565 

52 

283.5 

8.20 

252.6 

921.7 

1174.3 

843. 1 

0.4147 

1.2402 

1.6545) 

53 

284.7 

8.05 

253.9 

920.8 

1174.7 

842. 1 

0.4164 

1.2370 

1.6534 

54 

285.9 

7.91 

255.1 

919.9 

1175.0 

841.1 

0.4180 

1.23.39 

1.6515) 

55 

287.1 

7.78 

256.3 

919.0 

1175.4 

840.2 

0.41!)6 

1.2309 

1.6505 

56 

288.2 

7.65 

257.5 

918.2 

1175.7 

839.3 

0.4212 

1.2278 

1.645)0 

57 

289.4 

7.-52 

2.58.7 

917.4 

1176.0 

838.3 

0.4227 

1.2248 

1.6475 

58 

290.5 

7.40 

2.59.8 

916.5 

ll7(i.4 

837.4 

0.4242 

1.2218 

1.6460 

59 

291.6 

7.28 

261.0 

915.7 

1176.7 

836.5 

0.4257 

1.2189 

1.644(5 

60 

292.7 

7.17 

262.1 

914.9 

1177.0 

835.6 

0.4272 

1.2160 

1.6432 

61 

293.8 

7.06 

263.2 

914.1 

1177.3 

834. S 

0.4287 

1.2132 

1.6419 

62 

294.9 

6.95 

264.3 

913.3 

1 177.6 

833.9 

0.4302 

1.2104 

1.(5406 

63 

295.9 

6.85 

265.4 

912.5 

1177.9 

8.33.1 

0.4316 

1.2077 

1 .(5393 

64 

297.0 

6.75 

260.4 

911.8 

1178.2 

832.2 

0.4330 

1.2050 

1.6380 

65 

298.0 

6.65 

207.5 

911.0 

1178.5 

831.4 

0.4344 

1.2034 

1.6368 

66 

299.0 

6.50 

268.5 

910.2 

1178.8 

830.5 

0.4368 

1.2007 

1.6355 

67 

300.0 

6.47 

269.0 

909.5 

1179.0 

829.7 

0.4371 

1.1972 

1.6;i43 

68 

801.0 

6.38 

270.6 

908.7 

1179.3 

828.9 

0.4385 

1.1946 

1.6331 

69 

302.0 

0.29 

271.6 

908.0 

1179.0 

828.1 

0.43i)8 

1.1921 

1.(5319 

70 

302.9 

6.20 

272.6 

907.2 

1179.8 

827.3 

0.4411 

1.1896 

1.(5307 

71 

303.9 

6.12 

273.0 

906.5 

1180.1 

82(i.5 

0.4424 

1.1872 

1.629(5 

72 

304.8' 

6.04 

274.5 

905.8 

1180.4 

825.8 

0.4437 

1.1848 

1.6285 

73 

305.8 

5.90 

275.5 

905.1 

1180.6 

825.0 

0.444<) 

1.1825 

1.(5274 

74 

806.7 

5.89 

276.5 

904.4 

1180.9 

824.2 

0.4462 

1.1801 

1.6263 

75 

307.6 

5.81 

277.4 

903.7 

1181.1 

823.5 

0.4474 

1.1778 

1.(5252 

80 

312.0 

5.47 

282.0 

900.3 

1182.3 

8i9.8 

0.4535 

1.1665 

1.(5200 

85 

316.3 

5.10 

280.3 

897.1 

1183.4 

816.3 

0.4.590 

1.1561 

1.(5151 

90 

320.3 

4.89 

290.5 

893.9 

1184.4 

813.0 

0.4644 

1.1461 

1.6105 

95 

.324.1 

4.65 

294.5 

890.9 

1185.4 

809.7 

0.4694 

1.13(57 

1.6061 

100 

327.8 

4.429 

298.3 

888.0 

1186.3 

806.6 

0.4743 

1.1277 

1.(5020 

105 

331.4 

4.230 

302.0 

885.2 

1187.2 

803.6 

0.4789 

1.1191 

1.5980 

110 

334.8 

4.047 

305.5 

882.5 

1188.0 

800.7 

0.4834 

1.1108 

1.5942 

llo 

338.1 

3.880 

309.0 

879.8 

1188.8 

797.9 

0.4877 

1.1030 

1.6907 

120 

341.3 

3.720 

312.3 

877.2 

1189.0 

795.2 

0.4919 

1. 05)64 

1.5873 

125 

344.4 

3.583 

315.5 

874.7 

1190.3 

792.6 

0.4959 

1.0880 

1.6839 

130 

347.4 

3.452 

318.6 

872.3 

1191.0 

790.0 

0.4998 

1.0809 

1.5807 

140 

353.1 

3.219 

324.6 

867.6 

1192.2 

785.0 

0.5072 

1.0675 

1..5747 

150 

358.5 

3.012 

3.30.2 

803.2 

1193.4 

780.4 

0.5142 

1.0560 

1.5(592 

160 

363.6 

2.8.34 

33-5.6 

858.8 

1194.5 

775.8 

0.5208 

1.0431 

1.5(539 

170 

368.5 

2.075 

340.7 

854.7 

1195.4 

771.5 

0.5269 

1.0321 

1.5590 

180 

373.1 

2.5.33 

345.6 

8.50.8 

1190.4 

767.4 

0.6328 

1.0215 

1.5543 

190 

377.6 

2.406 

3.50.4 

846.9 

1197.3 

703.4 

0.5384 

1.0114 

1.545)8 

200 

.381.9 

2.290 

354.9 

843.2 

1198.1 

759.5 

0.5437 

1.0019 

1.5456 

210 

380.0 

2.187 

3.59.2 

839.6 

.1198.8 

755.8 

0.5488 

0.51928 

1.5416 

220 

389.9 

2.091 

363.4 

836.2 

1199.6 

752.3 

0.5538 

0.5)841 

1.5379 

230 

393.8 

2.004 

.367.5 

832.8 

1200.2 

748.8 

0.5.586 

0.9758 

1.5,344 
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SYNOPSIS OF CHAPTER XII 

temperature remains constant during evaporation ; that of the liquid is the same 


aamraiea oieam 


The principal effects of heat are, h = t — 32, e 


F(W- V) 
778 * 


r = L — e, II=h + L =: h + r+ e. 


AsjP increases, t, 7i, e and Jf increase, and ?• and L decrease. 

Fr= ITi-ia +0.3746(15-212) -0.00055(f-212)2. 

Factor of evaporation = ^ 

The pressure increases more rapidly than the temperature. 
Characteristic equation for steam, pv = aT — p(l + hp') — 
Satui’ated steam may he dry or wet. For wet steam, 

h = ho, L = xLo, H = xLo + ho, r = xvo, e = a:e6, 


and the factor of evaporation is ^ volume is Tr=F+x(Tro— F). 


The water line shows the volume of water at various temperatures ; the saturation curve 
shows tlie relation between volume and temperature of saturated steam. Approxi- 
mately, pv^^ = constant. The isothermal is a line of constant pressure. 

The path during evaporation is (a) along the water line (b) across to the saturation 
curve at constant pressure and temperature. If superheating occurs, the path pro- 
ceeds at constant pressure and increasing temperature to the right of the satura- 
tion curve. 


On the entropy diagram, the equation of the water line is n = clog,— . The distance 


between the water line and the saturation curve is iV = — . Constant dryness 

curves divide this distance in equal proportions. Lines of constant total heat may 
be drawn. The speciflc heat of steam kept dry is negative. The dryness changes 
during adiabatic expansion. The temperature of inversion is that temperature at 
which the specific heat of dry steam is zero. The change of internal energy and 
the external work along any path of saturated steam may be represented on the 
entropy diagram. 

nSLdT 


Tr= F + - 


T dP 


Constant volume lines may be plotted on the entropy diagram, permitting of the trans- 
fer of any point or path from the PF to the TJSf plane. The temperature after 
expansion at contant entropy to a limiting volume can best be obtained from the 
entropy diagram. 


The critical temperature is that temperature at which the latent heat becomes zero 
{6S9° F.). 

Saturated vanor ( drv or wetL superheated vanor, sas : physical states in relation to the 



that of the surrounding medium. 


Gas and Vapor fixtures 

Value of R for gas mixtures : mixture of air and steam ; absolute and relative 
humidities ; wet and dry hulh thermometers ; in mixtures, mixing does not 
affect the internal energy and adiabatic expansion is without influence on the 
aggregate entropy. 

Mixture and expansion of (a) wet vapor and gas, (p) high-pressure steam and air, 
(c) superheated steam and air, (d) two vapors. Equivalent values of n. In the 
heat engine, mixtures may lower the temperature of heat rejection. 


Superheated Steam 

The specific heat has been in doubt. Its value increases with the pressure, and varies 
with the temperature. 


JI = -1- /.V( T - 0 . -Ee=- To - Tt) -1- Td - To). 

Kjn 1 — t 

Factor of evaporation = ^ 

FV= 0.694 T - 0.00178 P. J? = ± 85.8. y=± 1.298. 


Adiabatic equation : 


Paths of Vapors 

rp y^r 

cioge-j + =^- Approximately, PF”=constant. Values of n. 


External work along an adiabatic = h — II + xr — XR. 
Gontinuously superheated adiabatic, e.g., 
t 

1 - 

t 


logo 


+ ~ + hi loge — - 


'491.0 

Adiabatic crossing the saturation curve : 
log, 


logs T^fr. + — + /ra loge~ 
491.0 u u 




xL 


Method of drawing constant pressure lines on the entropy diagram : n — k^loge—’ 
Method of drawing lines of constant total heat. 

Use of the entropy diagram for graphically solving problems : dryness after expansion ; 

work done during expansion ; mixing ; heat contents. 

The Mollier coordinates, total heat and entropy. The total heat-pressure diagrams. 


dT 


k = 


u dP 
778 dT 


Vapors in General 
dT T 


F- V = 778 


TdP 



= 1.02. Sulphur dioxidu: /c = 0.1543y, vapor density = 2. 23, specific volume of 
liquid = 0. 0007, its specific heat = 0.4. PV = 26 . 41 ’— 1 S 4 P 0 . 22 , Pressure-tem- 
perature relation, i = 176— 0.27(4— 32). Engine capacity and economy is 
influenced by the vapor employed. 

Steam Cycles 

Efficiency = work done -j- gross heat absorbed. 

The Carnot cycle is impracticable ; the steam power plant operates in the Clausius cycla. 
(T-t) 

Efficiency of Clausius cycle = — i-^XL 

Bankine cycle (incomplete expansion) — determination of efficiency, with steam 
initially wet or dry. 

Non-ezpansive cycle : efficiency = 

he — hi + xLi 

1433 loge.^~0.0i)5(r-0 

Pambour cycle : steam dry during expansion ; efficiency = 7p ; 

i/-l-1433 logo - - 0.095 ( T- 4) 

computation of heat supplied by jacket. 

Superheated cycle : efficiency is increased if the final dryness is properly adjusted and- 
the ratio of expansion is not too low. 

Numerical comparison of seventeen cycles for efficiency and capacity : steam .should 
be initially dry. The ratio of expansion should be large for efficiency and small 
for capacity. 

The Steam Tables 

Computation is from p (or 4) to 4 (orp), TI, h, L, V, e, r, n,a, Uc, iis. 

dt 

The superheated tables give ?i, F, //, 4, for various superheats at various pressures ; all 
values depending on Hsau and k^. 

PROBLEMS 

Note. Problems not marked T are to be solved without the use of the steam 
table. In all cases where po.ssible, computed results should be checked step by step 
with those read from the three charts, Pigs. 175, 177, 185. 

Tl. The weight per cubic foot of water at 32” E. being G2.42, and at 250.3° F., 
58.84, compute in heat units the external work done in heating one pound of water at 
pressure from 82° to 250.3°. (The pressure is that of saturated steam at a temperature 
of 250.3“.) {Ans.., 0.0055 B. t. u.) 

T la. 10 lb. of water at 212° are. mixed with 20 lb. at 170.06°. What is the 
total heat per pound, above 32° F., of the re.sulting mixture? 


in. absolute. liow much heat must he supplied to evaporate one pound ? 

T 3. Eind the factor of evaporation for dry steam at 95 Ih. pressure, the feed- 
water temperature being 153° E. (Ans., 1.097.) 

m A n- j: 11 2732 396945 

T 4. Given the formula, log p = c ^ Tbemg the absolute tempera- 

ture and p the pressure per square foot, find the value of ^ for p = 100 lb. per square 
inch, t — 327. 8° E . Check roughly by observing nearest differences in the steam table. 

T 5. What increase in steam pressure accompanies an increase in temperature 
from 353.1° E. to 393.8° E? Compare the percentages of increase of absolute pressure 
and absolute temperature. 

T 6. Eind the values of the constants in the Ranldne and Zeuner equations (Art. 
363), at 100 lb. pressure. 

T 7. Erom Art. 363, find the volume of diy steam at 240.1° E. in four ways. 
Compare with the value given in the steam table and explain the disagreement. 

8. At 100 lb. pressure, the latent heat per pound is 888.0 ; per cubic foot, it is 
200.3. Eind the specific volume. (Ans., 4.433.) 

9. Eor the conditions given in Problem 2, W being the volume of dry steam, find 
the five required thermal properties of steam 95 per cent dry. Eind its volume. 

T 9a. How much heat is consumed in evaporating 20 lb. of water at 90° E. into 
steam 06 per cent dry at 100 lb. absolute pressure per sq. in.? 

T 9b. What is the volume occupied by the mixture produced in Problem 9a ? 

T 9c. Eive pounds of a mixture of steam and water at 200 lb. pressure have a 
volume of 3 cu. ft. How much heat must be added to increase the volume to 6 cu. ft. 
at the same pressure ? 

T 9d. A boiler contains 2000 lb. of water and 130 lb. of dry steam, at 100 lb. 
presssure. What is the temperature ? What are the cubic contents of the boiler ? 

2' 9e. Water amoimting to 100 lb. per min. is to be heated from 55° to 200° by 
passing through a coil surrounded by steam 90 per cent diy, kept at 100 lb. pressure. 
AVhat is the minimum weight of steam required per hour ? 

T 9f. Water amounting to 100 lb. per min. is to be heated f-rom 55° to 200° by 
blowing into it a jet of steam at 100 lb. pressure, 90 per cent dry. What is the 
minimum weight of steam required per hour ? 

no. State the condition of steam (wet, dry, or superheated) when (a) p— 100, 
t=327.8i (6) p = 95, v=4.0; (c) p = 80, « = 360. 

11. Determine the path on the entropy diagram for heating from 200° to 210° E. 
a fluid the .specific heat of which is l.OO-j-at, in which t is the Fahrenheit temperature 
and a = 0.0044. 

T 12. Eind the increases in entropy during evaporation to dry steam at the fo’- 
lowing temperatures : 228°, 261°, 386° E. 

T 13. Compute from Art. 368 the specific volume of dry steam at 327.8° P. What 



714. Eind the entropy, measured from 32° E., of steam at 327.8° E., 65 per cen't 
dry, (a) hy direct computation, (5) from the steam table. Explain any discrepancy. 

715. Diy steam at 100 lb. pressure is compressed without change of internal 
energy imtil its pressure is 200 lb. Eind its dryness after compression. 

7 16. Eind the dryness of steam at 300° E. if the total heat is 800 B. t.u. 

7 16a. One pound of steam at 200 lb. pressure occuxiies 1 cm. ft. What per cent 
of moisture is present in the steam 2 

7 17. Eind the entropy of steam at 130 lb. pressure when the total heat is 840 B. t. u. 

7 18. One pound of steam at 327.8° E., having a total heat of 800 B. t. n., expands 
adiabatically to 1 lb. pressure. Eind its dryness, entroxiy, and total heat after ex^jan- 
sion. What weight of steam was condensed during expansion ? 

18 a. Three pounds of water at 700° absolute exiiand adiabatically to 600° absolute. 
What weight of steam is present at the end of expansion 7 (Use Eig. 175.) 

19. Transfer a wet steam adiabatic from the TN to the FV plane, by the graphi- 
cal method. 

20. Transfer a constant dryness line in the same manner. 

21. Sketch on the TN and PT^ planes the saturation curve and the water line in 
the region of the critical temperature. 

722. At what stage of dryness, at 300° E., is the internal energy of steam eciual 
to that of dry steam at 228° E. 7 

723. At what specific volume, at 300° E., is the internal energy of steam equal 
to that of dry steam at 228° E? 

7 23 a. A boiler contains 4000 lb. of water and 400 lb. of steam, at 200 lb. absolute 
pressure. If the boiler should explode, its contents cooling to 60° E. and completely 
liquefying, in 1 sec., how much energy would be libc'.rated 7 What horse power 
would be developed during the second following the exxclosion 7 

724. Compute from the Thomas experiments the total heat in steam at 100 lb. 
pressure and 440° E. 

725. Eind the factor of evaporation for steam at 100 lb. pressure and 500° E. from 
feed water at 153° E. 

726. In Problem 18, find the volume after exxxinsion, and compare with the vol- 
ume that would have been obtained by the use of Zeuner’s exx^onent (Art. 394). 
Which result is to be preferred 7 

7 27. Using the Knoblauch and Jakob values for the specific heat, and determin- 
ing the initial properties in at least five stex^s, conqiutc the initial entroxw and total 
heat and the condition of steam after adiabatic expansion from P= 100, 7= 700° E. 
to p = 13. Eind its volume from the formula in Art. 390. Couqjare with the volume 
given by the equation 771.298=^^1.208. (Assume that the superheated table shows 
the steam to be superheated about 55° E. at the end of expansion.) 

727 a. Steam at 100 lb. pressure, 95 per cent diy, passes through a superheater 



T 29 a. Three pounds of steam, initially dry, expand adiabatically from 100 lbs. to 
1 lb. pressure. Tind the initial and final volumes and the external work done. 

T 30. At what temperature is the total heat in steam at 100 lb. pressure 1200 B. t. u. ? 

31. Find the efficiency of the Carnot cycle between -341.3° F. and 101.83° F. 

T 32. Find the efficiency of the Clausius cycle, using initially dry steam between 
the same temperature limits. 

T 33. In Problem 32, find the efficiency if the steam is initially 60 per cent dry. 

T 34. In Problem 32, find the efficiency if expansion terminates when the volume 
is 12 cu. ft. (Eankine cycle). 

T 35. In Problem 32, find the efficiency if there is no expansion. 

T 36. Find the efficiency of the Pambour cycle between the temperature limits 
given in Problem 31. How much heat is supplied by the jacket ? 

T 37. Find the efficiency of this Pambour cycle if expansion terminates when the 
volume is 12 cu. ft. 

T 38. Steam initially at 140 lb. pressure and 443.1° F. is worked (a) in the Clau- 
sius cycle, (6) in the Rankine cycle, with the same ratio of expansion as in Problem 
37. Find the efficiency in each case, the lower temperature being 101.83° F. Find the 
efficiency of the Rankine cycle in which the maximum volume is 5 cu. ft. (See foot- 
note, Case VIII, Art. 417.) 

T'39. At what per cent of dryness is the volume of steam at 100 lb. pressure 
3 cu. ft. ? 

T 40. Steam at 100 lb. pressure is superheated so that adiabatic expansion to 
261° F. will make it just dry. Find its condition if adiabatic expansion is then carried 
on to 213° F. Find the external work done during the whole expansion. 

T'41. Steam passes adiabatically through an orifice, the pressure falling from 140 
to 100 lb. When the inlet temxmrature of the steam is 500° F., its outlet temperature 
is 494° F. ; and when the inlet temperature is 600° F., the outlet temperature is 505° F- 
The mean value of the specific heat at 140 lb. pressure between 600° F. and 500° F. is 
0.498. Find the mean value at 100 lb. pressure between 505° F. and 494° F. How 
does this value agree with that found by Knoblauch and Jacob ? 

7'42. Find from Problem 41 and Fig. 171 the total heat in saturated steam at 140 
lb. pressure, in two ways, that at 100 lb. pres.sm’e being 1186.3. 

J'43. Plot on a total heat-pressure diagram the saturation curve, the constant 
dryness curve for x = 0.85, the constant temperature curve for r= 500° F., and a 
constant volume curve for V — 13, pa.ssing through both the wet and the superheated 
regions. Use a vertical pressure scale of 1 in. = 20 lb., and a horizontal heat scale of 
1 in. = 20 B. t. u. 

44. Compute the temperature of inversion of ammonia, given the equation, 
L = 555.5 — 0.613 T° F., the specific heat of the liquid being 1.0. What is the result 
if Z, = 555.5 - 0.613 T- 0.000219 T- (Art. 401)? 


r48. A lO-gal. vessel contains 0,1 lb. of water and 0.7 lb. of dry steam. What 
is the pressure ? 

T 49. A cylinder contains 0.25 lb. of wet steam at 58 lb. pressure, the volume of 
the cylinder being 1.3 cu. ft. What is the quality of the steam ? 

T 50. What is the internal energy of the substance in the cylinder in Problem 49 ? 

r51. Steam at 140 lb. pressure, superheated 400° F., expands adiabatically until 
its pressure is 5 lb. Find its final quality and the ratio of expansion, 

r62. The same steam expands adiabatically until its dryness is 0.i)8. Find its 
pressure. 

T 63. * The same steam expands adiabatically until its specific volume is 60. Find 
its pressure and quality, 

r54. Steam at 200 lb. pressure, 94 per cent dry, is throttled as in Art, 387. At 
what pressure must the throttle valve be set to discharge dry saturated steam ? 

T 55. Steam is throttled from 200 lb. pressure to 16 lb. pressure, its temperature 
becoming 236.6° F. Wliat was its initial quality ? (Use Fig. 176.) 

66. Eepresent on the entropy diagram the factor of evaporation of superheated 
steam. 


57. Check by accurate computations all the values given in the saturated steam 
table for t = 180° F., using — 459.64° F. for the absolute zero, 14.00(5 lb. per square 
inch for the standard atmosphere, 777.62 for the mechanical equivalent of heat, and 
0.017 as the specific volume of water. Use Thiesen’s formula for the pre.ssuro : 


(« + 469.6) log -^ = 5.400 («- 212) -8.71 x 10-i»[(089 - «)^ - 477^] ; 


t being the Fahrenheit temperature and p the pressure in pounds per square inch. Use 
the Knoblauch, Linde and Klebe formula for the volume and the Davis formula for 
the total heat. Compute the entropy and heat of the licpiid in eight steps, using the 
following values for the specific heat of the liquid : 


at 40°, 1.0045; 
at 60°, 0.9991; 
at 80°, 0.997; 
at 100°, 0.99675 ; 
Explain the reasons for any discrepancies. 


at 120°, 0.9974 
at 140°, 0.9987 
at 160°, 1.0002 
at 180°, 1.0020. 


* This is typical of a class of problems the solution of which is difficult or impos- 
sible without plotting the properties on charts like those of Figs. 175, 177, 185. Prob- 
lem 53 may be solved by a careful inspection of the total heat-pre.ssure and Mollier 
diagrams, with reasonable accuracy. The approximate analytical solution will be 
found an interesting exercise. We have no direct formula for relation between V 
and r, although one may be derived by combining the equations of Eankine or 
Zeuner (Art. 363) with that in Problem 4. The following expression is reasonably 
accurate between 200° and 400° F., where v is in cu. ft. per lb. and t is the Fahrenheit 


T58. Check the properties given in the superheated steam table for P = 25 with 
200° of superheat, using Knoblaucdi values for the specific heat, in at least three steps, 
and using the Knoblauch, Linde and Klebe formula for the volume. Explain any 
discrepancies. 

59. Keprcsent on the entropy diagram the temperature of inversion of a dry 
vapor. 

60. Sketch tlie Mollier Diagram (Art. 399) from 11=0 to £r=400, ?i = 0 to n = 0.5. 



CHAPTER XIII 

TPIE STEAM ENGINE 

Practical Modifications of the Rankine Cycle 

422, The Steam Engine. Figure 186 shows the working parts. 
The piston P moves in the cylinder A, communicating its motion 
through the piston rod P, crosshead (7, and connecting rod M to the 
disk crank D on the shaft and thus to the belt wheel W. The 
guides on which the crosshead moves are indicated by Cr, //, the 
frame which supports the working parts by P. Journal bearings 
at B and 0 support the shaft The function of the mechanism is to 
transform the to-and-fro rectilinear motion of the piston to a rotatory 
movement at the crank. Without entering into details at this point, 
it may be noted that the valve F", which alternately admits of the 
passage of steam through eitlier of the ports X, X, is actuated by a 
valve rod I traveling from a rocker P, which deri ves its motion from 
the eccentric rod N and the eccentric E. In tlie end view, L is the 
opening for the admission of steam to the steam chest AT, Q is a sim- 
ilar opening for the exit of the steam (shown also in the plan), and 
V is the valve. 

423. The Cycle. With the piston in the position shown, and 
moving to the left, steam is passing from the steam chest through Y 
into the cylinder, while another mass of steam, which has expended 
its energy, is passing from the other side of the piston through the 
port X and the opening Q to the atmospliere or the condenser. 
When the piston shall have reached its extreme left-hand position, 
the valve will have moved to the right, the port Y will have been 
cut off from communication with AfJ and the steam on the right of 
the piston will be passing through Z to At tlie same time the 
port X will be cut off from 0 and nhm.od in nmnmnninn.f.inn with X. 




Fig. ISO. Arts. 422, 423, 450, 507. — The Steam Engine. 




ir tne vaive moveci mstantaneousiy irora one position to tne otner 
precisely at the end of the stroke, the PV diagram representing 
the changes in the fluid on either side of the piston would resemble 
eUd^ Fig. 184. Along eh, the steam would be passing from the 
steam chest to the cylinder, tlie pressure being practically constant 
because of the comparatively enormous storage space in the boiler, 
while the piston moved outward, doing work. At 5, the supply of 
steam would cease, while communication would be immediately 
opened with the atmosphere or the condenser, causing the fall of 
pressure along ht. The piston would then make its return stroke, 
the steam jiassing out of the cylinder at practically constant pressure 
along td, and at d the position of the valve would again be changed, 
closing the exhaust and opening the supply and giving the instan- 
taneous rise of jn’essure indicated by de. 

424. Expansion. This has been shown to be an inefficient cycle 
(Art. 41 7 J), and it would be impossible, for mechanical reasons, to 
more than approximate it in practice. The inlet port is nearly 
always closed prior to the end of the stroke, producing such a diagram 

as dehgq, Fig. 184, in 
which the supply of 
steam to the cylin- 
der is less than the 
whole volume of the 
piston displacement, 
and the work ^area 
under hg is obtained 
without the supply of 
heat, but solely in 
consequence of the 
expansive action of 
the steam. Appar- 
ently, then, the actual steam engine cycle is that of Rankine * (Art. 
411) . But if we apply an indicator (Art. 484) to the cylinder, —an instru- 



Fig. 1S7. Arts. 424, 425, 427, 430, 431, 436, 441. 445, 446, 
448, 440, 4.50, 451, 452, 454. — Indicator Diagram and 
Rankine Cycle. 


1 


il. - 


ment for graphically recording the changes of pressure and volume 
during the stroke of the piston, — we obtain some such diagram as 
abodes, Fig. 187, which may be instructively compared Avith the cor- 
responding Rankine cycle, ABODE. The remaining study of the 
steam engine deals principally with the reasons for the differences 
between these two cycles. 

425. Wiredrawing. The first difference to be considered is that along the 
lines oh, AB. An important reason for the difference in volumes at h and B will 
be discussed (Art. 430) ; we may at present note that the presswes at a and h are 
less than those at A and B, and that the pressure at b is less than that at a. This 
is due to the frictional resistance of steam pipes, valves, aiid ports, which caiuses 
the steam to enter the cylinder at a pressure somewhat less than that in the boiler ; 
and produces a further drop of pressure while the steam enters. The action of 
the steam in thus exjianding with considerable velocity through constricted pas- 
sages is desciibed as “wiredrawing.” The average pressure along ab will not 
exceed 0..9 of the boiler pressure ; it may be much less than this. A loss of work 
area ensues. The greater part of the loss of pressure occirrs in the ports and pas- 
sages of the cylinder and steam chest. The friction of a suitably designed steam 
pipe is small. The pressure-drop due to wiredrawing or “ throttling,” as it is 
sometimes called, is greatly aggravated when the steam is initially wet; Clark 
found that it might be even tripled. Wet steam may be produced as a result of 
priming or frothing in the boiler, or of condensation in the steam pipes. Its evil 
effect in this as in other respects is to be prevented by the use of a steam separator 
near the engine; this automatically separates the steam and entrained moisture, 
and the water is then trapped away. 

426. Thermodynamics of Throttling. Wiredrawing is a non-revers- 
ible process, in that expansion proceeds, not against a sensibly equivalent 
external pressure, but against a lower and comparatively non-resistant 
pressure. If the operation be conducted with sufficient rapidity, and 
if the resisting pressure be negligible, the external work done should be 
zero, and the initial heat contents should be equal to the final heat 
contents; i.e., the steam expands adiabatically (though not isentropic- 
ally) along a line of constant total heat like nir, Fig. 161. The steam 
is thus dried by throttling; but since the temperatw'e has been reduced, 
the heat has lost availability. Figure ISS represents the case in which the 
steam remains superheated throughout the throttling process. A is the 
initial state, DA and EC lines of constant pressure, AB an adiabatic, 

T r i j j- mi- - 


drawing is generally to lower tne 
total quantity of heat unchanged. 



Fig. 188. Art. 426. — Throttling 
of Superheated Steam. 


tcrapcrai/urt;, wxniu 



Convcrt(!d Indicator Dia- 
gram and Rankino Cycle. 


427. Regulation by Throttling. On some of t.hc cheaper types of steam 
engine, the speed is controlled by varying the e.xtcnt of opening of the admis- 
sion pipe, thus producing a wiredrawing effect throughout the stroke. It is 
obvious that such a method of regulation cannot bo other than wasteful; a better 
method is, as in good practice, to vary the point of cut-off, h, Fig. 187. (See 
Ai-t. 507.) 


428. Expansion Curve. The widest divergence between the theo- 
retical and actual diagrams appears along the expansion linc.s he, BC, 
Fig. 1S7. In neither shape nor position do the two lines coincide. 
Early progress in the development of the steam engine resulted in the 
separation of the three elements, boiler, cylinder, and condenser. In 
spite of this separation, the cylinder remains, to a certain extent, a 
condenser as well as a boiler, alternately condon.sing and evaporating 
large proportions of the steam supplied, and producing erratic effects 
not only along the expansion line, but at other portions of the diagram 
as well. 

429. Importance of Cylinder Condensation. The theoretical analysis of thcRan- 
kinc cycle (Art. 411) gives efficiencies consulerahly greater than those actually attained 
in practice. The principal reason for this was pointed out by Clark’s experiments on 
locomotives in 1855 (1); and still more comprehensively by Isherwood, in his 
classic series of engine trials made on a vessel of the United States Navy (2). The 
further studies of Loring and Emery and of Ledo\ix (3), and, most of all, those 
conducted under the direction of Him (4), served to point out the vital importance 


or near the beginning of the stroke, it meets the relatively cold surface 
of the piston and cylinder head, and partial liquefaction, immediately 
occurs. By the time the point of cut-off is reached the steam may 
contain from 25 to 70 per cent of water. The actual weight of steam 
supplied by the boiler is, therefore, not determined by the volume at 
h, Fig. 1S7; it is practically from 33 to 233 per cent greater than the 
amount thus determined. If ABODE, Fig. 1S7, represents the ideal 
cycle, then b will be found at a point where Vj, =from 0.30 7^ to 0.75 7^ 
(Art. 136). 

431rt. Behavior during Expansion. The admission valve closes at 
h, and the steam is permitted to expand. Condensation may continue 
for a time, the chilling wall surface increasing ; but as expansion pro- 
ceeds the pressure of the steam- falls until its temperature becomes less 
than that of the cylinder walls, when an opposite transfer of heat begins. 
The walls now give up heat to the steam, drying it, i.e., evaporating a 
portion of the commingled water. The behavior is complicated, how- 
ever, by the liquefaction which necessarily accompanies expansion, 
even if adiabatic (Art. 372). The rcevaporation of the water during 
expansion is effected by a withdrawal of heat from the walls; these 
are consequently cooled, resulting in the resumption of proper conditions 
for a repetition of the whole destructive process during the next succeed- 
ing stroke. Reevaporation is an absorption of heat by the fluid. For 
maximum efficiency, all heat should be absorbed at maximum tempera- 
ture, as in the Carnot cycle. The later in the stroke that reevaporation 
occurs, the lower is the temperature of reabsorption of this heat, and 
the greater is the loss of efficiency. 

431/^. Data on Condensation. Even if the cylinder walls were per- 
fectly insulated from the atmosphere, these internal transfers would 
take place. The Callendar and Nicholson experiments showed that the 
temperature of the inner surface of the cylinder walls followed the 
fluctuations of steam temperature, but that the former changes were 
much less extreme and lagged behind in point of time. Clayton has 
demonstrated (7) that the expansion curve may be represented (in 
non-condensing unjacketed cylinders) by the equation 


tion during expansion. Witn steam very dry at ciit-on tdue to jacovct- 
ing or superheat) heat may be lost throughout expansion. In ordinary 
cases, the condensation which may occur aft(!r c.ut-off, during the cairly 
part of expansion, can continue for a very brief period only; tlu; prob- 
ability is that in most instances such apparent condensation has la'en 
in reality nothing but leakage (Art. 452), and that condensation prac- 
tically ends at cut-off. 

432. Continuity of Action. When unity of weight of steam condense.s, it gives 
up the latent heat L) when afterward reevai)oratcd, it reabsorbs the latiuii heat 
Li] meanwhile, it has cooled, losing the heat h—hi. The net result is an incrcdue of 
heat in the ivalls of L—Li-\-h—hi=lI—IJi, and the walls would conl.inually become 
hotter, were it not for the fact that heat is being lost by radiation to the e.xternal 
atmosphere and that more water is reevaporated than was initially condensed; so 
much more, in fact, that the dryness at the end of expansion is usually yrcaler than 
it ivould have been, had expansion been adiabatic, from the same condition of initial 
dryness. 

The outer portion of the cylinder walls remains at practically uniform tem- 
perature, steadily and irreversibly losing heat to the atmosphere, d’he inner portion 
has been experimentally shown to fluctuate in temperature in ac.cordanee with the 
changes of temperature of the steam in contact with it. The de])th of this “ jicri- 
oclic ” portion is small, and decreases as the time of contact during tlic cycle decreases, 
e.g., in high speed engines. 

433. Influences Affecting Condensation. Four main factors arc 
related to the phenomena of cylinder condensation: they arc (a) the 
temperature range, (b) the size of the engine, (c) its speed and (most 
important), (d) the ratio of volumes during expansion. Of extreme 
importance, as affecting condensation during expansion, is the condi- 
tion of the steam at the beginning of expansion. 

The greater the range of pressures (and temperatures) in the engine, the more 
marked are the alternations in temperature of the walls, and the greater is the dif- 
ference in temperature between steam and walls at the moment when steam is 
admitted to the cylinder. A wide range of working temjDcratures, although jirae.ti- 
cally as well as theoretically desirable, has thus the disadvantage of lemling itself 
to excessive losses. 

434. Speed. At infinite speed, there would be no time for the transfer of heat, 
however great the difference of temperature. Willans has .shown the jjercentage 
of water present at cut-off to decrease from 20.2 to 5.0 as the speed incroas(;d from 
122 to 401 r. p. m., the steam consumption per Ihp-hr. concurrently decreasing 



tion, increase of speed decreased the proportion of moisture and increased the 
economy: but it should not be inferred from this that high speeds are necessarily 
or generally associated with highest efficiency. 

435. Size. The volume of a cylinder is xZ)^Z/t- 4 and its exposed wall surface 
is (xDL) + (xD2-t- 2), if D denotes the diameter and L the exposed length. Ti e 
volume increases more rapidly than the wall surface, as the diameter is increa.sed 
for a constant length. Since the lengths of cylinders never exceed a certain limit, 
it may be said, generally, that small engines show greater amounts of condensation, 
and lower efficiencies, than large engines. 

436. Ratio of Expansion. This may be defined as Va^Vn, Fig. 187 (Art. 450). 
The greater the ratio of expansion, the greater is the initial condensation. This 
would be true even if expansion were adiabatic; with early cut-off, moreover, the 
time during which the metal is e.xposed to high temperature steam is reduced, and 
its mean temperature is consequently less. Its activity as an agent for cooling 
the steam during expansion is thus increased. Again, the volume of steam during 
admission is more reduced by early cut-off than is the exposed cooling surface, since 
the latter includes the two constant quantities, the surfaces of the piston and of the 
cylinder head (clearance ignored — Art. 450). The following shows the results of 
several experiments : 


OlSSEllVlSBS 

ItATIO OE 
Hxi*ANHK)N 

I’eu Cunt, or Wateh 
AT CrT-OFI' 

STEA.M (.'oNHUMinTOX. 

I'Eii Ini’-im. 


Low 

Hi gh 

Loio 

High 

Low 

High 

Loring and Emery 

4.2 

1().8 


. . . 

21.2 

2.5.1 

Willans (9) 


8.0 

8.9 

25.0 

20.7 

2:i.l 


Barrus (10) gives the following as average results from a large number of test.s 
of Corliss engines at normal .speed : 


Cut-off, Peii Cent. 

OF Stroke 

PEROENTA(iE OF 
Condensation 

Cut-off, Per Cent. 

OF Stroke 

Percentaue of 

Condensation 


02 

25.0 

24 


54 

30.0 

20 


44 


10 


30 


15 


28 




111 these three sets of exiieriment.s, it was found that the i.)roi)or- 









dynamic loss due to relatively incomplete expansion, discussed in 

Art. 418. The proper balancing of 
these two factors, to secure best 
efficiency, is the problem of the 
engine designer. It must be solved 
by recourse to theory, experiment, 
and the study of standard practice. 
In American stationary engines, the 

Fig. 180a. Art. 436.— Effect of Ratio G^PCinSlOtl in simpU cylinders 

of Expansion oa Initial Conden- is USUalUj fv 0771 4 lO 5, 

sation and Efficiency. 



437. Quantitative Effect. Empirical formulas for cylinder condensation have 
been presented by Marks and Heck, among others. Marks (11) gives a curve 
of condensation, showing the proportion of steam condensed for various ratios of 
expansion, all other factors being eliminated, A more satisfactory relation is 
established by Heck (12), whose formula for non-jacketed engines is 


M 


Q.27 


kT 

pc’ 


in which M is the proportion of steam condensed at cut-off, N is the speed of the 
engine (r. p. m.), s is the quotient of the exposed surface of the cylinder in square 


feet by its volume in cubic feet 


I? 

D 



where D and L are in inches, p is the 


TABLE: VALUES FOR T 


VO 

Const. 

Vo 

Const, 

Vo 

Const. 

Vo 

Const. 

0 

170 

45 

262 

115 

348 

185 

409 

1 

175 

50 

2691 

120 

353 

190 

413 

2 

179 

55 

277 

125 

358 

195 

416-1 

3 

183 

60 

284 

130 

362^ 

200 

420 

4 

186 

65 

291 

135 

367 

210 

427 

6 

191 

70 

2971 

140 

37H 

220 

434 

8 

196 

75 

304 

145 

376 

230 

441 

10 

200 

80 

310 

150 

380-J 

240 

447^ 

15 

210 

85 

316 

155 

385 

250 

454 

20 

220 

90 

321i 

160 

389 

260 

4601 

25 

229 

95 

327 

165 

393 

270 

467 

30 

238 

100 

3321 

170 

397 

280 

473 

35 

246 

105 

338 

175 

401 

290 

479 















hiuu, uuu j IB a luncTiioii oi i.ne pressure range in me cyimaer, wnicn may oe ootamea 
from the table on p. 306. Heck estimates that the steam consumption of an 
engine may be computed from its indicator diagram (Art. 600) within 10 per cent 
by the application of this formula. If the steam as delivered from the boiler is 
wet, some modification is necessary. 

438. Reduction of Condensation. Aside from careful attention to 
the factors already mentioned; the principal methods of minimizing 
cylinder condensation are by (a) the use of steam-jackets, (h) super- 
heating the steam, and (c) the enijiloyment of multiple expansion. 

439. The Steam Jacket. Transfers of heat between steam and 
cylinder walls would be eliminated if the walls could be kept at the 
momentary temperature of the steam. Initial condensation is elimi- 
nated if the walls are kept at the temperature of steam during admis- 
sion : it is mitigated if the Avails are kept from being cooled by the 
low-pressure steam dui'ing the latter part of expansion and exhaust. 

The steam jacket, invented by Watt, is a hollow casing enclosing the 
cylinder walls, within which steam is kept at high pressure. Jackets 
have often been mechanically imperfect, and particular difficulty has 
been experienced in keeping them drained of the condensed Avater. 
In a few cases, the steam has passed through the jacket on its way to 
the cylinder; a bad arrangement, as the cylinder steam was thus made 
wet. It is usual practice, Avith simple engines, and at the high-pressure 
cylinders of compounds, to admit steam to the jacket at full boiler 
pressure; and in some cases the pressure and temperature in the jacket 
have exceeded those in the cyhnder. Hot-air jackets have been used, in 
which flue gas from the boiler, or highly heated air, was passed about 
the body of the cyhnder. 

440. Arguments for and against Jackets. The exposed heated 
surface of the cylinder is increased and its mean temperature is raised; 
the amount of heat lost to the atmosphere is thus increased. The jacket 
is at one serious disadvantage : its heat must be transmitted through the 
entire thickness of the walls; while the internal heat transfers are 
effected by direct contact between the steam and the inner “ sldn ’’ 
of the walls. 

Unjacketed cylinder walls act like heat sponges. The function of 
the jacket is preventive, rather than remedial, opposing the formation 



not expand; its temperature is at all times tne maximum temperature 
attained in the cycle. The mean temperature of the walls is thus 
raised. 

441. Results of Jacketing. In the ideal case, the action of the jacket may be 
regarded as shown by the difference of the areas dcM and dchf, ]''ig. ISil. "Plie total 
heat suppUed, without the jacket, is ldch2, but cylinder condensation makes the 
steam wet at cut-off, giving the work area dckl only. Tin; additional heal. 2h/3, 
supplied by the jacket, gives the additional work area khjl, inanifesl.ly at high 
efficiency. In this country, jackets have been generally em])loy('d on well-known 
engines of high efficiency, particularly on slow speed ]nnnping engines; but llua’i- 
use is not common with standard designs. Slow sjieed and exireme {'Xpan.sion, 
which suggest jackets, lead to excessive bulk and first cost, of IIk; ('iigine. With 
normal speeds and expansive ratios, the engines is cluaiper and the lU'cc'ssit.y for 
the jacket is le.ss. The use of the jacket is to be (hdiTinined fj'oni considc'rations 
of capital charge, cost of fuel and load fad, or, as well as of I h(’rmodynami(^ ('lliciency- 
These commercial factors account for the far more g('nerid use of llu' jack('t in ]']ui-oj)e 
than in the United States. 

From 7 to 12 per cent of the whole amount of steam sui)])]i('d lo the engine 
may be condensed in the jacket. The ])ower of the onginc' is almost, invariably 

increased by a greater iierccmtagc' Hum tliat of increase 
of steam conHum])tion. The cylinder tnieee wore Hum 
ike, jacket syends, although in .sonui eases (he amount 
of steam saved has been small. Tlui I'ange of net 
saving may be from 2 or 8 u]) to 15 p(’r e('n1,. The 
increased power of tlui engine is I’eiiresenled by the 
difference betwe^en the aiaais ahedes and aXYdes, 
Fig. 187. The latter area a])])i'oaches much more 
closely the ideal area ABCDE. Jacketing j)ays best 
when the conditions are such as t.o nat.urally induce 
excessive initial condemsation. Tlui diagram of Fig. 
190, after Donkin (14), shows the variat ion in value 
of a steam jacket at varying ratios of expansion in t.he same engine run at constant 
speed and initial pressure. With the jacket, the best ratio of exi)a.n,sion was about 
10, giving 25 lb. of .steam per hp.-hr: without the jaek(d,, the lowest steam consump- 
tion (of 39 lb. per hp.-hr) was reached at an expamsion ratio of 4. 

442. Use of Superheated Steam. The thermodynamic advantage' of 
superheating, though small, is not to bo ignored, some heat Ix'ing taken 
in at a temperature higher than the mean tempc'raturc^ of lic'at absoi-p- 
tion; the practical advantages are more importatit. Adeiiuate super- 
heat fills the “ heat sponge ” formed by the walls, without letting the 
steam become wet in conseauence. If suDerheadbro- i.s .slio-ht, tJu'. stonun. 



Fig. 190. Art. 441. — Effect 
of Jackets at Various Ex- 
pausion Ratios. 



dry or even superheated at cut-off, giving the paths debzyf, debA.zA. 
The minimum amount of superheat ordinarily necessary to give dry- 
ness at cut-off seems to be about 100° F.; it may be much greater. 
Ripper finds (15) that about 7.5° F. of superheat are necessary for each 
1 per cent of wetness at cut-off to be expected when working with 
saturated steam. We thus obtain Fig. 191, in which the increased work 
areas acbd, cefb, eglif are obtained by superheating along jk, Id, Im, 
each path representing 75° of superheat. Talcing the pressure along ag 
,is 120 lb., and that along hb as 1 lb., the absolute temperatures are 800 O'" 
iiiul 561.43°, respectively, and since the latent heat at 120 lb. is 877.2 


1 !. t. u., the work gained by each of the areas in 
question is 


800.9 - 561.43' 
800.9 


= 26.1 B. t. u. 


If we take the specific heat of superheated 
si ('am, roughly, at 0.48, the heat used in secur- 
ing this additional work area is 0.48 x75 = 36 
B. t. u. The efficiency of superheating is then 



26.1^36 = 0.73, while that of the non-super- Fig. ii)i. Art. 442.— Super- 
lu'ated cycle as a whole, even if opierated at Car- oyercomiug Initial 

lint efficiency, cannot exceed 239. 47 -5-800.9 = 0.30. Condensation. 


Great care should be taken to avoid loss of heat in pipes between the super- 


heater and the cylinder; without thorough insulation the fall of tem- 



INDICATED HORSE POWER 

Fig. 193. Art. 443, Prob. 7.— Steam 
Economy in Relation to Superheat. 


perature here may be so great as to 
considerably increase the amount of 
superheating necessary to secure the 
desired result in the cylinder. 

443 . Experimental Results with Super- 
heat. The Alsace tests of 1892 showed, with 
from 60° to 80° of superheat, an average net 
saving of 12 per cent, based on fuel, even when 
the coal consumed in the separately fired 
superheaters was considered; and when the 
superheaters were fired by waste heat from 
the boilers, the average saving was 20 per 
cent. Willans found a considerable saving 

"U-rr mi + _n-PF •arao n+. Tinlf 


practice, rigure lyd shows the decreasea steam consumption aue to various 
degrees of superheat in a small high speed engine. 

444r. Actual Expansion Curve. In Fig. 187, hYo represents the 
curve of constant dryness, bCo the adiabatic. The actual expansion 
curve in an unjacketed cylinder using saturated steam will then be 
some such line as 6c, the entropy increasing in the ratio xz^xy and 
the fraction of dryness in the ratio xz-r-xw. Expressed exponentially, 
the value of n for such expansion curve depends on the initial dryness 
(Art. 4316); it is usually between 0.8 and 1.2, and averages about 
1.00, when the equation of the curve is PF ='pv. This should not 
be confused with the perfect gas isothermal; that the equation has 
the same form is accidental. The curve PV =vv is an equilateral 
hyperbola, commonly called the hyperbolic line. 

The actual expansion path he will then appear on the entropy dia- 
gram, Fig. 189, as he, he', usually more like the former. The point 6 
(cut-off) specifies a lower pressure and temperature than does B in the 
ideal diagram, and lies to the left of B on account of initial condensa- 
tion. If expansion is then along be, the walls are giving up, to the 
steam, heat represented by the area mhen. This is much less than 
the area mhBM, which represents roughly the loss of heat to the walls 
by initial condensation. 

446. Work done during Expansion: Engine Capacity. From Art. 

F 

95, this is, for a hyperbolic curve, BC, Fig. 187, P^V^ loge ~y. 

Y B 

Assume no clearance, and admission and exhaust to occur without 
change of pressure; the cycle is then precisely that represented by 
ABCDE, excepting that the expansive path is h^'-perbolic. Then the 
work done during admission is PsY^: the negative work during exhaust 
is P^Yc) and the net work of the cycle is 

PbVb+PbVb log, PnYc=PBYB{l + log, ^^) - PbYc. 

The mean effective ■pressure or average ordinate of the work area is 
obtained by dividing this by V(., giving 



or, lotting y =r, it is 

PaCl + Iogar) p 

r 

Letting m stand for this mean effective pressure, in pounds per square 
inch, A for the piston area in square inches, L for the length of the stroke 
in feet, and N for the revolutions per minute, the total average pressure 
on the piston (ignoring the rod) is viA pounds, the distance through 
which it is exerted per minute is in a double-acting engine 2 LN feet, 
and the work per minute is 2 rriALN foot-pounds, or 2 mALiV-^ 33,000 
horse power. This is for an ideal diagram, which is always larger than 
the actual diagram abcdes] the ratio of the latter to the former gives the 
diagram factor, by which the computed value of m must be multiplied 
to give actual results. 

Diagram factors for various types of engine, as given by Seaton, are as follows: 

Expansion engine, with special valve gear, or with a separate cut-off valve, 
cylinder jacketed . . . 0.90; 

Expansion engine having large ports and good ordinary valves, cylinders jacketed 
. . . 0.86 to 0.88; 

Expansion engines with ordinary valves and gear as in general practice, and 
unjacketed . . . 0.77 to 0.81; 

Compound engines, with expansion valve on high pressure cylinder, cylinders 
jacketed, with large ports, etc. . . . 0.86 to 0.88; (see Art. 466 ). 

Compound engines with ordinary shde valves, cylinders jacketed, good ports, 
etc. . . . 0.77 to 0.81; 

Compound engines with early cut-off in both cylinders, without jackets or 
separate expansion valves . . . 0.67 to 0.77; 

Fast-running engines of the type and design usually fitted in warships . . . 0.57 
to 0.77. 

The extreme range of values of the diagram factor is probably between 0.50 and 
0.90. Regulation by throttling gives values 0.10 to 0.25 lower than regulation 
by cut-off control. Jackets raise the value by 0.05 to 0.15. Extremely early 
cut-off in simple unjacketed engines (less than J) or high speed (above 225 r. p. ni.) 
may decrease it by 0.025 to 0.125. Features of valve and port design may cause 
a variation of 0.025 to 0.175. 

Piston speeds of large engines at around 100 r. p. m. now range from 720 ft. 
per minute upward. The power output of an engine of given size is almost directly 
proportional to the piston speed. Rotative speeds (r. p. m.) depend largely on the 
type of valve gear, and are limited by the strength of the flywheel. Releasing 
gear engines do not ordinarily run at over 100 r. p. m. (Art. 507): nor do four-valve 
pno-inpH oftpn pypppH 240 r. n. m. The smaller emrines are ant to h.ave the hiaher 


sentcd by the equation y)y = const., m which n^l, the mean effective pressure 
(clearance ignored) is, with the notation of Art. 445, 

nPjB „ Pb 

in=—, TT — JcD TT. 

r(n — 1) r^{ji — l) 


The best present basis for design is to find n as suggested in Arts. 4316, 437, 
to assume a moderate amount of hyperbohc compres.sion (see Art. 451) and to 
allow for clearance. This is in fact the only suitable method for use where there 
is high superheat: in which case n> 1.0. 

Thus, let the pressure limits be 120 and 16 lb. absolute, the apparent ratio of 
expansion 4, clearance 4 per cent, compression to 32 lb. absolute, n = 1.15. The 
approximate equation above gives 


1.15X120 

0.60 


-16- 


120 


41-15X0.15 


= 52 lb. 


More exactly, calling the clearance volume 0.04, the length of the diagram is 1.0, 
the volume at cut-off is 0.29, and the maximum volume attained is 1.04. The 
mean effective pressure is 


w = (120X0.25)4- 


(120X0.29) -(27.6X1.04) 


0.15 


-16 (1.04-0.08) 


— (30X0.04 logfi 2) =54.5 lb. per square inch, 


the pressure at the end of expansion being 120 


0.29 

1.04 


1,15 


= 27.6 lb. and the volume at 


the beginning of compression being 0.04 X-i|- =0.08. 

Any diagram factor employed with this method will vary only .sHghtly from 1.0, 
depending principally upon the type of valve and gear. Unfortunately, we do not 
as yet possess an adequate amount of information as to values of n in condensing 
and jacketed engines. 


447. Capacity vs. Economy. If we ignore the influence of con- 
densation, the Clausius cycle (Art. 409), objectionable as it is with 
regard to capacity (Art. 418), would be the cycle of maximum effi-- 
ciency ; practically, when we contemplate the excessive condensation 
that would accompany anything like complete expansion, the cycle of 
Rankine is superior. This statement does not apply to the steam tur- 
bine (Chapter XIV). The steam engine may be given an enormous 
range of capacity by varying the ratio of expansion ; but when this 
falls above or below the proper limits, economy is seriously sacrificed. 
In purchasing engines, the ratio of expansion at normal load should 
be set fairlv hisrh, else the overload canacitv will be reduced. In 



liiglier tliiin is common in stationary practice, where economy in first 
cost is a relatively more important factor. 


448. The Exhaust Line : Back Pressure. Considering now the line de of Fig. 
187, \vu lind a noticeable loss of work area as compared with that in the ideal 
case. (Line 71 /i represents the pressure existing outside the cylinder.) This is 
due to several causes. The frictional resistance of the ports and exhaust pipes 
(greatly increased by the presence of water) produces a wiredrawing effect, mak- 
ing the pressure in tlie cylinder higher than that of the atmosphere or of the con- 
denser. Tlie ])reHeiice of air in the exhaust passages of a condensing engine may 
elevate the pressure above that corresponding to the temperature of the steam, 
and so cause undesirable resistance to the backward movement of the piston. 
'Phis air juay be present as the result of leakage, under poor operating conditions; 
more or less air is ahvays brought iu the cycle with the boiler feed and condenser 
water. The effect of these causes is to increase the pressure during release, even 
in good engines, from 1.0 to 3.0 lb. above that ideally obtainable. 

Reovaporation may be incomplete at the end of expansion; it then proceeds 
during exhaust, sometimes, in flagrant cases, being still incomplete at the end of 
cxliaust. The moisture then ju’esent greatly increases initial condensation. The 
evaporation of any water during flie exhaust stroke seriously cools the cylinder 
walls. In general good ])ractice the steam is about dry during exhaust; or at least 
during the latter portion of the exhaust. 


449. Effect of Altitude. The possible capacity of a non-condensing engine is 
obviously increased at low barometric pressures, on account of the lowering of the 
line DE, Fig. 187. With condensing engines, the absolute pressure attained along 
DE depends upon the proportion of cooling water supplied and the effectiveness 
of the conden.sing apparatus. It is practically independent of the bai'ometric pres- 
sure, excepting at very high vacua; consequently, the capacity of the engine is 
unchanged by variations in the latter. A slightly decreased amount of power, 
however, will suffice to drive the air pump which delivers the products of conden- 
sation against auy lessened atmospheric pressure. 

450. Clearance. The line esa does not at any point come in contact with the 
ideal line EA, Fig. 187. In all engines, there is necessarily a small space left 
between the piston and the inside of the cylinder head at the end of the stroke, 
'riiis space, with the port spaces back to the contact surfaces of the inlet valves, is 
filled with steam throughout the cycle. The distance ts iu the diagram represents the 
volume of those “ clearance ” spaces. In Fig. 195, the apparent ratio of ex- 

fD 

pansion is ' — . If the zero volume line OP be found, the real ratio of expansion, 
ab 



depending largely on the type of valve gear. In such an engine as that of 

Fig. 186, it is necessarily large, on account 
of the long ports. In these flat slide valve 
engines it averages 5 to 10 per cent: with 
rotary (Corliss) valves, 3 to 8 per cent; with 
single piston valves, 8 to 1.5 per cent. These 
figui’es are for valves placed on the side (bar- 
rel) of the cylinder. When valves are placed 
on heads, the clearance may be reduced 2 to 
6 per cent. In the unidu-ectional flow • 
(Stumpf) engine (Art. 507), it is only about 
2 per cent. It is proportionately greater in 
V small engines than in those of large size. 
Fig. 195. Arts. 430, 451. — Keal and Ap- may be accurately estimated by placing 
parent Expansion. the piston at the end of the stroke and Ail- 

ing the clearance spaces w'ith a weighed or 
measured amount of water. All waste spaces, back to the contact surfaces of the 
valves, count as clearance. 

451 . Compression. A large amount of steam is employed to All the clearance 
space at the beginning of each stroke. This can be avoided by closing the exhaust 
valve prior to the end of the stroke, as at e, Fig. 187, the piston then compressing 
the clearance steam along es, so that the pressure is raised nearly or quite to that 
of the entering steam. This compression serves to prevent any sudden reversal of 
thrust at the end of the exhaust stroke. If compression is so complete as to raise 
the pressure of the clearance steam to that carried in the supply pipe, no loss of steam 
will be experienced in filling clearance spaces. The work expended in compression, 
eahg, Fig. 195, will be largely recovered during the next forward stroke by the expan- 
sion of the clearance steam: the clearance will thus have had little eifect on the 
efficiency; the loss of capacity efa will be just balanced by the saving of steam, 
for the amount of steam necessary to fill the clearance space would have expanded 
along ae, if no other steam had been present. 

Complete compression would, however, raise tlie temperature of the com- 
pressed steam so much above that of the cylinder walls that serious conden.sation 
would occur. This might be counteracted by jacketing, but in practice it is cus- 
tomary to terminate compression at some pressure lower than that of the enleiing 
steam. A certain amount of unresisted expansion then takes place during tlie 
entrance of the steam, giving a wii-edrawn admission line. If the pressure at s, 
Fig. 1S7, is fixed, it is, of course, easy to determine the point e at wdiich the 
exhaust valve must close. Cousidered as a method of warming the cylinder walls 
so as to prevent initial condensation, compression is “ theoretically less desirable 
than jacketing, for in the former case the heat of the steam, once transformed to 
M'ork, with accompanying heavy losses, is again transformed into heat, while in 
the latter, heat is directly applied.” For mechanical reasons, some compression is 
usually considered necessary. It makes the engine smooth-running and probably 




452. Valve Action: Leakage. We have now considered noost of the dijfferences 
between the actual and ideal diagrams of Fig. 187. The rounding of the corners 
at h, and along cdu, is due to sluggish valve action; valves must be opened slightly 
before the full effect of their opening is reaUzed, and they cannot close instantaneous^. 
The round corner at e is due to the slow closing of the exhaust valve. The inclined 
line sa shows the admission of steam, the shaded work area being lost by the slow 
movement of the valve. In most cases, admission is made to occur slightly prior 
to the end of the stroke, in order to avoid this very effect. If admission is ioo early, 
a negative lost work loop, mno, may be formed. Important aberrations in the 
diagram, and modifications of the phenomena of cylinder condensation, may result 
from leakage past valves or pistons. In an engine hke that of Fig. 186, steam 
may escape directly from the steam chest to the exhaust port. Valves are more 
apt to leak than pistons. A valve may be tight when stationary, but leak when 
moving; it may be tight when cold and leak when hot. Unbalanced slide valves, 
poppet and Corliss valves tend to wear tight; piston valves and balanced slide 
valves become leaky with wear. Leakage is increased when the steam is wet. 
Jacketing the cyhnder decreases leakage. The steam valve may allow steam to 
enter the cylinder after the point of cut-off has been passed. Fortunately, as the 
difference in pressure between steam chest and cylinder increases, the overlap of 
the valve also increases. Leakage past the exhaust valve is particularly apt to 
occur just after admission, because then (unless there is considerable compression) 
the exhaust valve has only just closed. 

The indicator diagram cannot be depended on to detect leakage, excepting as 
the curves are transferred to logarithmic coordinates (7). Such steam valve leakage 
as has just been described produces the same apparent effect as reevaporaticn 
occurring shortly after cut-off. Leakage from the cyhnder to the exhaust, occurring 
during this period, produces the effect which was formerly regarded as due to cylinder 
condensation immediately following cut-off. In engines Icnow'n to have tight 
exhaust valves, this latter effect is not found. 

An engine may be blocked and exanained for leakage {Trans. A. S. M. E., XXIV, 
719) but it is difficult to ascertain the actual amount under running conditions. 
In one test of a small engine, leakage was found to be 300 lb. per hour. Tests have 
.shown that with single flat shde or piston valves the steam consumption increases 
about 15 per cent in from 1 to 5 years, on account of leakage alone. A large 
number of tests made on all types of engine gave steam consumptions averaging 
5 per cent higher where leakage was apparent than where valves and pistons were 
known to be tight. 

The Steam Engine Cycle on the Entropy Diagram 

453. Cylinder Feed and Cushion Steam. Fig. 189 has been left incomplete, for 
reasons which are now to be considered. It is convenient to regard the working 
fluid in the cylinder as made up of two masses, — the “ cushion steam,” which 
nlnriP fills t.hp r'nnin'rpssinn siia.pfi ni, thfi P.nd nf each .stroke, and is Constantly nreseiit. 


cylinder leed, iuid ltd (jh be the expaiiwion line ol the cu.slnon suiiiin il il; alone were 
pre.senl). The total volume vq at any point q of the combined patha is made up 
of the cushion steam volume vo and the 


cylinder feed volume, obviously eipial to 
oq. If we wish to obtain a diag-ram 
showing the behavior of the cylinder 
feed alone, we must then deduct from 
the volumes around (thcde the correspond- 
ing volumes of cushion steam. The point 
j) is then derived by making rp = vq — vo, 
and the point t by making rl — rii — rs. 
Proceeding thus, we obtain the diagram 
7izjklvi, representing the behavior of the 
cylinder feed. Along nz the diagram 
coincides with the OP axis, indicating 



that at this stage the cylinder contains pj,;. Arts. 45:?, 4.57.-EliniinaUou of 
cushion steam only. Cushion Steam. 


454. The Indicator Diagram. Our study of the ideal cycles in Chai'ter XI 1 has 
dealt with re.presenlations on a single diagram of changes occurring in a given mass 
of steam at the boiler, cylinder, and condenser, the localil.y of changes of condition 
being ignored. The energy diagram alicdcs of Fig. LS7 do(!S not represeid; the 
behavior of a definite quantity of steam working iu a closed cycle. The. jiressure 
and volume changes of a vanihirj quantity of fluid are depicted. During expansion, 
along he, the quantity remains constant; during compression along os-, the ([uantity 
is likewise con.staut, but different. Along s(th the quantity increases ; while along 
ede it decroa.ses. The quality or dryness of the steam along e.s- or h<; may be readily 
determined liy comparing the actual volume with the volume of the same weight 
of dry steam ; but no accurate in formation as to quality can be obtained along the 
admission and release lines s<dj and cde. The areas under tlu-se lines r(‘present 
work quantities, however, and it is desirable that we draw an entro])y diagram 
which shall represent the corresponding heat expenditure.s. Such a diagram will 

not give the thermal history of any definite 
amount of steam ; it is a mere jirojection of 
the 7-* F diagram on different coordinates. 
It tacitly assumes tlu^ indicator diagram to 
represent a rev(!rsible eyede, whereas in fact 
the operation of the steam engine is neither 
cyclic nor reversible. 

455. Boulvin's Method. In Fig. 107, 
let (ihcda be any actual indicator diagram, 
YZ the pressure tenquu-ature curve of 



MT are now drawn for 1 lb. of steam, to any convenient scale, on the entropy plane. 
To transfer any point, like B, to the entropy diagram, we draw BD, DK, EH, KT, 
BA, AT, HT, BO, and OF as in Art. 378. Then F is the required point on the 
temperature entropy diagram. By transferring other points in the same way, we 
obtain the area NVFU. The expansion line thus traced correctly represents the 
actual history of a definite quantity of fluid; other parts of the diagram are imaginary. 
It is not safe to make deductions as to the condition of the sub.stance from the AT 
diagram, excepting along the expansion curve. For example, the diagram apparently 
indicates that the dryness is decreasing along the exhaust line SU; although we have 
seen (Art. 448) that at this stage the dryness is usually increasing (17). 

456. Application in Practice. In order to thus plot the entropy diagram, it is 
necessary to have an average indicator card from the engine, and to know the 
quantity of steam in the cylinder. This last is determined by weighing the dis- 
charged condensed steam during a definite number of strokes and adding the 
quantity of clearance steam, assuming this to be just dry at the beginning of com- 
pression, an assumption fairly well substantiated by experiment. 

457ff. Reeve’s Method. By a procedure similar to that described in Art. 453, 
an indicator diagram is derived from that originally given, representing the behav- 
ior of the cylinder feed alone, on the assumption that the clearance steam works 
adiabatically through the point e. Fig. 196. This often gives an entropy diagram 
in which the compression path passes to the left of the water line, on account of 
the fact that the actual path of the cushion steam is not adiabatic, but is occasion- 
ally less “ steep.” 

The Reeve diagram accurately depicts the process between the points of cut- 
off and release and those of compression and admission vdth reference to the cylinder 
feed only. 

457Z). Preferred Method. The most satisfactory method is to make 
no attempt to represent action between the points of admission and 
cut-off and of release and compression. During these two portions 
of the cycle we know neither the weight nor the diyness of steam 
present at any point. The method of Art. 455 should be used for the 
expansion curve alone. For compression, a new curve corresponding 
with RQ, Fig. 197, should be drawn, representing the pv relation for 
the weight of clearance steam alone. Points along the compression 
curve may then be transferred to the upper right-hand quadrant by 
the same process as that described in Art. 455. The TN diagram 
then shows the expan, sion and compression curves, both correctly 
located with reference to the water line OS aiid the dry steam curve 
TM, for the respective weiglits of steam; and the heat transfers and 





Fig. lOy. Art. 4r)8. — Initi.al Pres.sure and Fig. 200. Art. 458. — Effects of Jacket- 
Back Pressure. ing and Superheating. 

engine operated at constant speed, initial pressure, load, and ratio of expansion 
(18). Diagi'ams A and C were obtained with saturated steam, B and D with super- 
heated steam. In A and B the cylinder was unjacketed; in C and D it was jacketed. 
The beneficial influence of the jackets is clearly shown, but not the expenditure of 
heat in the jacket. The steam consumption in the four cases was 45.6, 28.4, 27.25 
and 20.9 lb. per Ihp-hr., respectively. 


Multiple Expansion 

459 . Desirability of Complete Expansion, It is proposed to show that a large 
ratio of expamsion is from every standpoint desirable, excepting as it is offset by 
increased cylinder condensation ; and to suggest multiple expansion as a method 
for atlaining high efficiency by making such large ratio iiractically possible. 

From Art. 446, it is obvious that the maximum work obtainable from a cylinder is 
a function solely of the initial pre,ssure, the back pres.sure, and the ratio of expan- 
sion. In a non-conducting cylinder, maximum efficiency would be realized when 
the ratio of expansion became a maximum between the pressure limits. Without 
expansion, increase of initial pressure very slightly, if 
at all, increases the efficiency. Thus, in Fig. 201, 
the cyclic work areas abed, aefg, aliij, W'ovdd all be 
equal if the line XY followed the law pv = PV. 

As the actual law (locus of points representing 
steam dry at cut-off) is approximately, 

1? T^Tr-U 

jou lb = py ibj 

the work areas increase slightly as the pressure in- 
creases ; but the necessary heat absorption also 
increases, and there is no net gain. The thermody- 
namic advantage of high initial pressure is realized only 
■when the ratio of expansion is large. 

By condensing the steam as it flows from the engine, its pressure may be re- 
duced from that of the atmosphere to an absolute pressure possibly 13 lb. lower. 

Thp nvplip wni-lr n.rpn. t.Tinc inprpnupff • miff cinpo fVip voffnp+.inn nf rirpsKiirp. is np- 



Fig. 201. Art. 459.— Non- 
expausive Cycles. 


lugure 202 showsj however, that the percentage gain in efficiency is small with no 
expansion, increasing as the expansion ratio increases. Wide ratios of expansion are 
from all of these standpoints essential to efficiency. 

We have found, however, that wide ratios of 
expansion are associated with such excessive losses 
from condensation that a coinp)roinise is necessary, 
and that in practice the best efficiency is secured 
with a rather limited ratio. The practical attain- 
ment of large expansive ratios Avithout correspond- 
ing losses by condensation is possible by multiple 
expansion. By allowing the steam to pass suc- 
cessively through two or more cylinders, a total 
expansion of 16 to 33 may be secured, with condensa- 
tion losses such as are due to much lower ratios. 

460. Condensation Losses in Compound Cylinders. The range of pres- 
sures, and consequently of temperatures, in any one cylinder, is reduced 
by compounding. It may appear that the sum of the losses in the two 
cylinders .would be equal to the loss in a single simple cylinder. Three 
considerations may serve to show why this is not the case : 

(tt) Steam reevaporated during the exhaust stroke is rendered avail- 
able for doing work in the succeeding cylinder, whereas in a simple 
engine it merely causes a resistance to the pistonj 

(&) Initial condensation is decreased because of the decreased fluctua- 
tion in Avail temperature ; 

(c) The range of temperature in each cylinder is half Avhat it is in the 
simple cylinder, but the whole wall surface is not doubled. 

461. Classification. Engines are called simple, compound, triple, or quadruple, • 
according to the number of successive expansive stages, ranging from one to four. 

A multiple-expansion engine may have any number of cylinders; a triple expan- 
sion engine may, for example, have five cylinders, a single high-pressure cylinder 
discharging its steam to tAVO succeeding cylinders, and these to two more. In a 
multiple-expansion engine, the first is called high-pressure cylinder and the last 
the low-pressure cylinder. The second cjdinder in a triple engine is called the 
intermediate; in a quadruple engine, the second and third are called the first 
intermediate and the second intermediate cylinders, respectively. Compound en- 
gines having the two cylinders placed end to end ai’e described as tandem; those 
having the cylinders side by side are cross-compound. This last is the type most 
commonly used in high-grade stationary plants in this country. The engines may 
be either horizontal or vertical ; the latter is the form generally used for triples or 



fhaits), or by a combination of these methods. 

463. Incidental Advantages. Aside from the decreased loss through cylinder 
condensation, multiple-expansion engines have the following 2:)oinLs of sujieriority ; 

(1) The steam consumed in filling clearance spaces is less, because the high- 
pressure cylinder is smaller than the cylinder of the equivalent simple engine; 

(2) Compression in the high-jjressure cylinder jiiay be carried to as high a 
pressure as is desirable without beginning it so eaidy as to greatly reduce the work 
area; 

(3) The low-pressure cylinder need be built to withstand a fraction only of 
the boiler pressure; the other cylinders, which carry higher pressures, are com- 
paratively small; 

(4) In most common types, the use of two or more cylinders permits of using 
a greater number of less powerful impulses on the piston than is possible with a 
single cylinder, thus making the rotative speed more uniform; 

(0) For the same reiison, the mechanical stresses on the crank pin, shaft, etc., 
are le,s.sened by compounding. 

These advantages, with that of superior economy of steam, have led to the 
general use of multiple expausion in spite of the higher initial cost which it en- 
tails, wherever steam pressures exceed 100 lb. 

463. Woolf Engine. This was a form of compound engine originated by Horn, 
blower, an unsuccessful competitor of Watt, and revived by Woolf in 1800, after 
the expiration of Watt’s principal patent. 

Steam passed directly from the high to the 
low-pressure cylinder, entering the latter 
while being exhausted from the former. 

This necessitated having the pistons either 
in phase or a half revolution apart, and 
there was no improvement over any other 
double-acting engine with regard to uni- 
formity of impulse on the pi.stozi. Figure 
203 represents the ideal indicator diagrams, -pio. 203. Arts. 403, 4GG.— Woolf Engine. 
ABCD is the action in the high-pressure 

cylinder, the fall of pressure along CD being due to the increase in volume of 
the steam, now pasfsing into the low-pressure cylinder and forcing its piston out- 
ward. EFGH shows the action in the low-pres- 
.sure cylinder; steam is entering continuously 
throughout the stroke along EF. By laying off 
MP = LK, etc., we obtain the diagram TABRS, 
representing the changes undergone by the steam 
during its entire action. This last area is ob-. 




gram nas oeen reversca lor convenience, oome expansion m tne low-pressure 
cylinder occurs after the closing of the high-pressure exhaust valve at a. Some 
loss of pressure by wiredrawing in the passages between the two cylinders is clearly 
indicated. 

464f^ Receiver Engine- In this more modem form the steam passes 
from the high-pressure cylinder to a clo.sed chamber called the receiver, 
and thence to the low-pressure cylinder. The receiver is usually an 
independent vessel connected by pipes with the cylinders; in some 
cases, the intervening vSteam pipe alone is of sufficient capacity to 
constitute a receiver. Receiver engines may have the pistons coin- 
cident in phase, as in tandem engines, or opposite, as in opposed beam 
engines, or the cranks may be at an angle of 90°, as in the ordinary 
cross-compound. In all cases the receiver engine has the characteristic 
advantage over the ^^'oolf type that the low-pressure cylinder need not 
receive steam during the whole of the worldng stroke, but may have a 
definite point of cut-off, and work in an expansive cycle. The dis- 
tribution of work between the two cylinders, as will be shown, may 
be adjusted by varying the point of cut-off on the low-pressure cylinder 
(.\rt. 467). 

Receiver volumes vary from to 1-^- times the high-pressure cylinder 
volume. 

464&. Reheating. A considerable gain in economy is attained by 
drying or superheating the steam during its passage through the 


T 



receiver, l)y means of pipe coils supplied with high-pressure steam from 
the boiler, and drained by a trap. The argument in favor of reheating 
is the same as that for the use of superheat in any cylinder (Art. 442). 



of coil surface when saturated steam was used m the receiver coils. 
With superheated steam, this difficulty is obviated. Reheating increases 
the capacity as well as the economy of the cylinders. 

465. Drop. The fall of pressure occurring at the end of expansion 
(cd, Fig. 196) is termed drop. Its thermodynamic disadvantage 
and practical justification have been pointed out iii Arts. 418, 4-17. 
In a compound engine, some special considerations apply. If there is 
no drop at high-pressure release, the diagram showing the whole expan- 
sion is substantially the same as that for a simple cylinder. With 
drop, the diagram is modified, the ratio of expansion in the high-pressure 
cylinder is decreased, and the ideal output is less. 

The orthodox view is that there should be no drop in the high- 
pressure cylinder (21). The cylinders of a compound engine work 
with less fluctuation of temperature than that of a simple engine, and 
may therefore be permitted to use higher ratios of expansion (i.e., 
less drop) than does the latter. In the design method to follow, dimen- 
sions will be determined as for no drop. Changes of load from normal 
may introduce V££rying amounts of drop in operation. 

466, Combination of Actual Diagrams : Diagram Factor. Figure 210 shows the 
high- and low-pressure diagrams from a small compound^engine. These are again 




Fig. 210. Art. 466. — Compound Engine 
Diagrams. 


Fra. 211. Art. 466. — Compound Engine 
Diagrams Combined. 


shown in Fig. 211, in which the lengths of the diagrams are proportioned as are 
the cylinder volumes, the pressure scales are made equal, and the proper amounts 
of setting off for clearance (distances a and b) are retrarded. The cvlinder feed 


In Fig. 212, the single curve SS then represents saturation for 0.0498 lb. of steam. 
The areas of the diagrams are unaltered, and correctly measure the work done; 
they may be transferred to the entropy plane as 
in Art. 455. The moisture present at any point 
during expansion is still represented by the dis- 
tance cd,corresponding with the distance similarly 
marked in Fig. 211. The ratio of the area of the 
combined actual diagrams to that of the Kan- 
kine cycle through the same extreme limits of 
pressure and with the same ratio of expansion 
is the diagram factor, the value of which may 
range up to 0.95, being higher than in simple 
engines (Art. 459). 



467 . Combined Diagrams. Figure 205 shows Fig. 212. Art. 466. — Combined 
the ideal diagrams from a tandem receiver engine. Diagrams for Cylinder Feed. 
Along CD, as along CD in Fig. 203, expansion 

into the low-pressure cylinder is taking i)lace. The corresponding hne on the low- 
pressure diagram is EF. At F the supply of steam is cut off from the low-pressure 
cylinder, after which hyperbolic expansion occurs along FS. Meanwhile, the 



Tandem Receiver Engine. pressure Cut-off. 

exhaust from the high-pressure cyhnder is discharged to the receiver; and since a 
constant (juantity of steam must now be contained in the decreasing space between 
the piston and the cylinder and receiver walls, some compre.ssion occurs, giving 
the line DE. The pressure of the receiver steam remains equal to that at E 
after the high-pressure exhaust valve closes (at E) and while the high-pressure 
^.,-.71+ in 7 7 0 = fbo pvp.lo .nloniT FjABC. If thc oressure at C exceeds that at 
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ture in the high-pressure cylinder from D in Fig. 203 to D in Fig. 205. This reduced 
range of temperature decreases cylinder condensation. 

468. Governing Compound Engines. Fig. 214 shows that dc'laycd 
cut-off on the high-pressure cylinder greatly increases the output of 
the low-pressure cylinder while (the receiver pressure being raised) 
scarcely affecting its own output. 

In Fig. 206, is shown the result of varying low-pressure; cut-off in 
a tandem receiver engine with drop, the low-pressure clearance Ix'ing 

exaggerateid for clcairness. 
The high-pressure diagram 
is fahede, the low-pressure is 

ghjJd, 'Pf = Vd = Va pc = Vn- 

Low-pressure cut-off occurs at 
h (point c in the; hi gli -pressure 
diagram). If this event occur 
earlier, the cornispoiiding 
point on the high-pressure 
diagram is made (say) n, ami 
compression them raises the 
receiver pressui'e to o instead 
of /. The ix'sult is that the 
drop decreases to cp instead of cd (Pp=2^o)- The admission pressure 
of the low-pressure cylinder thus becomes 'Pii'—Vv^^Vo instead of Pg, 
•and the gain qmg due to such increased pressure more than offsets the 
loss mh] due to the fact that low-pressure cut-off now occurs at j),,, = 
Pn- The same results will be found with cross-compound engines. 

The total output of the engine is very little; affecited by changes 
in low-pressure cut-off: but (contrary to the result in siinple cylinders) 
the output of the low-pressure cylinder varies directly as its ]'atio 



pressure Cut-off. 


of expansion. With delayed cut-off, the low-pressure cylinder performs 
a decreased proportion of the total work. 

When the load changes in a compound engine Avhich has a fixed 
point of low-pressure cut-off, equality of -work distribution beconu'S 
impossible. The output of the engine should be varied by varying 
the point of high-pressure cut-off. hkfual distribution of the work 
should then be accomplished by variation of low-oressui'e cut-off. 
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Design of Compound Engines 

469. Preliminary Diagram. We first consider the action as repre- 
sentod in Fig. 205, which shows the combined ideal diagrams without 
clearance or compression, and with 
hyperbolic expansion. Losses or 
gains between the cylinders are 
ignored. The following notation is 
adopted: 

P= initial absolute pressure, lb. 

per sq. in., along ah; 

Po= receiver absolute pressure, lb. 

per sq. in., along dc; 
p=back pressure, absolute, lb. per sq. in., along gf; 

Pmft=mean effective pressure, lb. per sq. in., high-pressure cylinder; 
p„ij=mean effective pressure, lb. per sq. in., low-pressure cylinder; 

ratio of expansion, high-pressure cylinder; 

Vb 

— = ratio of expansion, low-pressure cylinder; 

Vc 

V • 

— = R = whole ratio of expansion; 

Vb 

— =C = ratio of cylinder volumes, or “ cylinder ratio.” 

The following relations are useful : 

PC R PC 
R =R}tRi—CRi)) C—Ri] Pmft ~ loSe ^7 Ro > 

p 

PmJ==^(H-l0ge C)-p. 

470. Bases for Design. The values of P, p and R being given, 
whatever fixes the pressure or volume at c determines the proportions 
nf the enaine. We mav assume either * 



limmary Compound Engine Diagram. 



Tc', or, 

(d) equal division of the work; that is, ahcd = dcefg, attained when 
loge C = ^logfl R 4- 2. 

Any one of these four assumptions may be madc^, but not more than 
one. Having made one, the pressures and volumes at h, c, e and / 
are all fixed. 

471. Diagrams with Clearance. We now employ Fig. 213, in which 
clearance is allowed for. The expansion curve is still assumed to be 

a continuous hyperbola, and inter- 
cylinder losses are ignored. (These 
last need not be important.) 

If dh is the high-i)res.sure clearance 
{= hd -- dc, tlic apparent ratio of 

expansion in the high-pressure cylinder is 

7? > — _ Rh~dhRh 

ab 1 —dhlih ' 

Fig. 213. Arts. 471-473. — Design Similarly, the api)areiit ratio of expansion 
Diagram, Compound Engine. in the low-prcSvSure cylinder is 

•n f ddx ' diHi 

where the low-pressure clearance. Engines are usually designed by 

specifying the whole apparent ratio of expansion, {dD-{-gJ) -^ah. In terms of the 
real ratios, this is 

7p/ E(1 ~\“dji) ~ Rfidji 

1+4 -E/,4 • 

The mean effective pressures in the cylinders are now 
P P 

Pfnfi "b (1 + d)^ logg Rji 'Pq, 

P»< = ^+|(1 + d,) log.K,-p, 

Ri = C only when dn = di. 



and 



sion engine of n expansion stages and R ratio of expansion is the same 
as that for a simple engine of expansion ratio R^ when 


Rr-<^R^ 

472. Size and Horse Power. In general, diagram factors, piston 
speeds and strokes are the same for all the cylinders of the engine. 
Then following Art. -146, 

, 2fLN , , , 

iiP- ~33(jQQ , 


where /= diagram factor and A,^ and Ai arc the areas of high and low- 
pressure cyh'nders respectively, in sq. in. Letting C denote the cylinder 
ratio. 


hp. = 


2fLNAi 

33000 



in which describes what is called the ” high-pressure mean-elfective 
pressure referred to the low-pressure cylinder.” 


473. Division of Work: Equivalent Simple Engine. The Avork 
will be divided between the cylinders in the same ratio as the two areas 
abed, Dcefg, Fig. 213; or in the ratio. 


Vmfi • 


When the assumption of equal output is made (Art. 469), the mean 
effective pressures must be inversel}^ as the cylinder areas. 

The power of the compound engine is very nearly the same as that 
Avhich would be obtained from a simple cylinder of the same size as 
the low-pressure cylinder of the compound, Avith a ratio of expansiori 
equal to the AAdiole ratio of expansion of the compound. This Avould 
be exactly true if the diagram factor Avere the same for the simple as for 
the compound and if the no-clearance diagram. Fig. 213, Avere used for 
finding 2^m- An approximate expression for the area of the low- 
nressure evlinder of a enmnound is then 



pound engines usually have a cylinder ratio C =3 to 4. With condensing 
engines, the ratio is 4 or 5, increasing with the boiler pressure. In 
triple engines, the ratios are from 1 : 2.0 : 2.0 up to 1 : 2.5 : 2.5 in sta- 
tionary practice. With quadruple expansion the ratios are succes- 
sively from 2.0 to 2.5 : 1. 

Tests by Rockwood (22) of a triple engine in which the intermediate 
cylinder was cut out, permitting of running the high- and low-pressure 
cylinders as a compound with the high cylinder ratio of 5.7 to 1, give 
the surprising result that with the same initial pressure and expansive 
ratio, the compound was more economical than the triple. This was 
a small engine, with large drop. The pointing out of the fact that the 
conditions were unduly favorable to the compound as compared with 
the triple did not' explain the excellent economy of the former as com- 
pared with all engines of its class. Somewhat later, exceptionally 
good results were obtained by Barrus (23) with a compound engine 
having the extraordinary cylinder ratio of 7.2 : 1.0. Thurston, mean- 
while, experimented in the same manner as Rockwood, determining, 
in addition, the economy of the high-pressure and intermediate cylinders 
when run together as a compound. There were thus tAvo compounds 
of ratios 3.1 : 1 and 7.13 : 1 and a triple of ratio 1 : 3.1 : 2.3, available 
for test. The results showed the 7.1 compound to be much better than 
the 3.1, but less economical than the triple (24). As the ratio of expan- 
sion decreased, the economy of the intermediate compound closely 
approached that of the triple; and at a very low ratio it would probably 
have equaled it. It is a question whether the high economy of these 
“ intermediate compounds ” has not been due primarily to the high 
ratio of expansion Avhich accompanied the high cylinder ratio. The 
best performances have been reached by compounds and triples alike 
at ratios of expansion not far from 30. Ordinary compound engines 
probably have the high-pressure cylinders too large for best economy. 
This is due to the aim toward overload capacity. As in a simple 
engine, the less the total ratio of expansion, the greater is the output: 
but in a compound, the lowest ratio of expansion cannot be less than 
the cylinder ratio. 

'Values of R for multiple expansion engines range normally from 
12 to 36, usually increasing with the number of expansive stages. 
Superheat, adecjuate reheating or jacketing justify the higher values 


^rucLu ^vviiuic ics jjuojdiuiu; uiiau u^vLiejJbiug uuuui 

peculiarly adverse conditions of fuel cost or load factor the compound 
must be regarded as the standard form of the reciprocating steam 
engine using saturated steam. 

475. Determination of Low-pressure Cut-off. Tandem Compound. In Fig. 
205, let ABCD bo a portion of the indicator diagram of the high-pressure cylinder 
of a tandem receiver engine, release occurring at C. At this point, the whole volume 
of steam consists of that in the receiver plus that in the high-pressure cylinder. 
Let the receiver volume be represented by the distance CX. Then the hyperbolic 
curve XF may represent tlie expansion of the steam between the states C and D, 
and by deducting the constant volumes CX, LR, MZ, etc., we obtain the curve 
CG, representing the expansion of the steam in the two cylinders. For no drop, 
the pressure at the end of compression into the receiver must be equal to that at C. 
Wo thus find the point E, and draw EF, the admission line of the low-pressure 
cylinder, such that ac-|-ad = ac, etc.; the abscissa of cC being to that of Ed in the 
same ratio as the respective cylinder volumes. By plotting ED we find the point 
D at its intersection with CD. A horizontal projection from D to EF gives F. The 
point F is then the required point of cut-off in the low-pressure oylinder. The 
diagram EFSIil may be completed, the curve FS being hyperbolic. 

476. Analytical Method. Let the volume of high-pressure cylinder be taken 
as unity, that of the receiver as R, that of the low-pressure cylinder as L. Let x 
bo the fraction of its stroke completed by the low-pressure piston at cut-off, and let 
p be the pressure at release from the liigh-prcssure cylinder, equal to the receiver 
pressure at the moment of admission to the low-pressure cylinder. The volume 
of steam at this moment is 1+B; at low-pressure cut-off, it is l+R-\-xL-x. If 
expansion follows the law pv-=PV, and P be the pressure in the low-pressure cylinder 
at cut-off, 

l-(-i0 

p{l+R)=P{l+R+xL-x), or 

The remaining quantity of steam in the high-pressure cylinder and receiver has 
the volume 1-x+R, which, at the end of the stroke, will have been reduced to R. 
If the pressure at the end of the stroke is to be p, then 

pR = P{l-xA-R) or 
Combining the two values of P, we find 

Pd-1 

^ PL-l-r 

477. Cross-compound: Cranks at Right Angles. In Fig. 208, let abC be a 
portion of the high-pressure diagram, release occurring at C. Communication is 
now opened with the receiver. Let the receiver volume be laid off as Cd, and let 
de be a hyperbolic curve. Then the curve Cf, the volume of which at any pressure 
is Cd less than that of dc, reprosent.s the path in the high-pressure cylinder. This 

+ ^ +I0/1 1 roccjm’o /^trlinrlAT’ OCAiirs of. n T'hp wliolp 
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cylinder. At the point C of the cycle, the high-pressure crank is at i, the low-pres- 
sure 'crank 90° ahead or behind it. When the high-pressure crank has moved from 
i to m, the volume of steam in that cylinder is represented by the dis(,ance hn, the 
low-pressure crank is at o and the volume of steam in the low-in'C.sHurc cylinder is 
represented by p/c. Lay off qr, in Fig. 208, distant from the zero volume lino al 
by an amount equal to hn-{-pk. Draw the horizontal line Is. Lay olT Lu = hn and 
iv = us = pk. Then w is a point on the high-jn'essuro exhaust line and v i.s a point 
on the low-pressure admission line. Similarly, we find corresi)onding crank posi- 
tions w and X, and steam volumes hy and zk, and lay olT AB = hy-\-zk, Ac — hy, 
AD — cB=zk, determining the points c and D, The high-pressure exhaust line 



Fig. 208. Arts. 477-479. — Elimination of Drop, Cross-compound Engine. 


guc is continued to some distance below 1. For no drop, this line must terminate 
at some point such that compression of steam in the highqn-essurc cylinder and 
receiver will make I the final state. At I the high-pressure cylinder steam volume 
is zero; all the steam is in the receiver. Let IE represent the receiver volume 
and EF a hyperbohe curve. Draw IG so that at any joressurc its volumes are equal 
to those along EF, minus the constant volume IE. Then H, where IG intersects 
guc, is the state of the high-pressure cycle at which cui,-off occurs in the low-pressure 
cyhnder. By drawing a horizontal line through H to intersect vD, wc find the point 
of cut-off J on the low-pressure diagram. If we regard the initial state as that when 
admission occurs to the low-pressure cylinder, then at low-pressure cut-off the 

KG 

high-pressure cyhnder will have completed the proportion of a full stroke. 

Modifications of this construction permit of determining the point of cut-off for no 
drop in triple or quadruple engines with any phase relation of the cranks. 

478. CrOSS-COmnOUnd Enp^inc! AnfllvflP.fll Tn fliia ■Trnr'f.Tnn 


(0.5 - Z + + xL) (0.5 + R) 0.5 - Z + ie + zL 


But jjT? = Q(0.5 — Z+ i2), or p 
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(0.5 -X + R) ^ (1 + R )( 0.5-X-VR) . 
R ^ R(0.5-X + R + xL) ’ 

whence, 

X= 0.5 + R~xLR. (A) 

^ In Fig. 209, we have the crank 

\ circles corresponding to the 

\ discussed movements. If Ow 

\ and Ox are at right angles, 

\ then for a high-pressure pis- 

1 ton displacement Oj/, we have 

i> I the corresponding low-pres- 

/ sure displacement kz. If these 

/ displacements be taken as at 

/ low-pressure cut-off, then 

/ .Y=2i/andi = ??. 


N. We may also draw OwP, PQ, 

and write X = ^ • In the 

Fig. 209. Arts. 477 478.-Crank Circles and Piston t^angdes OPq/oxz, OQ = 
Displacements. ° ,, „ 


xz = jk. X, xz^ + Oz^ = U.c^, and 
(jk • Z)2-)- — x-j]^=: j whence X — s/z—z^. Substituting this value in 

Equation (A), we find R (xL — 1) = 0.5 — -Vx — x^ as the condition of no drop. 


479. Practical Modifications. The combined diagrams obtained from actual 
engines conform only approximately to tho.se of Figs. 205 and 208. The receiver 
spaces are. usually so large, in proportion to the volume of the high-pressure 
cylinder, that the fluctuations of pressure along the release lines are scarcely notice- 
able. The fall of pressure during admission to the low-pressure cylinder is, how- 
ever, nearly always evident. Marked irregularities arise from the angularity of the 
connecting rod and from the clearance spaces. The graphical constructions may 
ea.sily be modified to take these into account. In assuming crank positions and 
piston displacements to correspond, we have tacitly assumed the rod to be of 
infinite length; in practice, it seldom exceeds five or six times the length of the 
crank. We have assumed all expansive jmths to be hyperbolic; an assumption 
not strictly justified for the conditions considered. 

482. Superheat and Jackets. Since multiple e.xpansion itself 
decreases cylinder condensation, these refinements cannot be expected 


superheated steam has, however, given excellent results, eliminating 
cylinder condensation so perfectly as to permit of wide ranges of expan- 
sion without loss of economy and thus making the efficiency of the 
engine, within reasonable limits, almost independent of its load. The 
best test records have been obtained from jacketed engines. A simple 
eugiiie with highly superheated steam (sec Chapter XV) will be nearly 
as cc^onomical as a compound with saturated steam. 

483. Binary Vapor Engine. This was originated by Du Tremblay in 1850 
(20). The exliaust .steam from a cylinder jiassed through a ves.sel containing 
coils filled with ether, d’he steam being at a temperature of almost 250“ F., 
Avhile the at]iio.sp!iej-ic boiling 2 mint of ether is 94“ F., tlie latter Avas rapidly 
vaporized at a con.sid(;rable xiressure, and was then u.sed for p)erforniing Avork in 
a second cylinder. A.ssuming the initial temperature of the steam to have been 
320° F., and the final temperature of the ether 100° F., the ideal efficiency should 
thus be increased from 


320 + 400 320 + 400 


0.28, 


a gain of OA’-er 200 per cent. The advantage of the binary vapor principle arises 
fro]u the low boiling fioint of the binary fluid. This iiermits of a loAA'er tem^Aora- 
ture of lieab emission than is possible with Avater. Binary engines must be run 
condensing. Since condemsing water is geiierallj'' not available at temperatures 
IacIow 00° or TO'"’ F., the fluid should be one Avliich may be condensed at th6i3e tem- 
p)or.'iture.s. Ftlier .satisfies tliis requirement, and gives, at its initial temperature 
of, say, 250° F., a Avorking lu-essure not far fi’om 150 lb. On account of its high 
boiling i)oint, hoAvever, its jn’es.siire is le.ss than that of the atmo.s^Ahere at 70° F., 
and an air I'lunp) is necessary to discliarge the conden.sed vajior from the condenser 
ju.st as is the ca.se Avith c ondensing steam engines. Suliiliur dioxide has a much 
loAver boiling lAoint, and may be used witliout an air 
jumqA: but its ^u’cssure. at 2.50° Avoiild be exce.ssiA'e, and 
tlie best results are .secured by alloAviiig the .steam cylinder 
to run condensing at a final temperature as Ioav as jaos- 
sible; at 104° F., the pre.ssure of snliibur dioxide is only 
90. •> lb. I'lie best steam engines have about this lower 
temperature limit; the maximum gain due to the use of a 
binary fluid cannot exceed that corresponding to a reduc- 
tion of this tenqierature to about 60° or 70° F., the usual 
temperature of the aAuiilable su^iplv of cooling Avater. 

I'he steam-ether engines of the vessel Bre'sil ojAerated 
at 43.2 lb. boiler ^Aressure and 7.0 lb. back 2 ‘>i’fissure of 
ether. The cylinilers Avere of equal size, and the mean 
elb'ctiAm nressures Avere 11.0 and 7. 1 lb. resiAcctivelv. The 



recent experiments are those of Josse (27), on a 200-hp. engine using steam 
at 160 lb. pressure and 200° of superheat, including four cylinders. The first three 
cylinders constitute an ordinary triple-condensing steam engine, a vacuum of 20 
to 25 in. of mercury being maintained in the low-pressure cylinder by the circula- 
tion of sulphur dioxide in the coils of a surface condenser. The dioxide then enters 
the fourth cylinder at from 120 to 180 lb .pressure and leaves it at about 35 lb. pressure. 
The best result obtained gave a con.sumption of 167 B. t. u. per Ihp. per minute, 
a result scarcely if ever equaletl by a high-grade steam engine (Art. 550). The ideal 
entropy cycle for this engine is shown in Fig. 217, the three steam cylinders being 
treated as one. The steam diagram is abede, and the heat delivered to the sulphur 
dioxide vaporizer is aerm. This heated the binary liquid along hi and vaporized 
it along if, giving the work area hifg. The different liquid lines and saturation curves 
of the two vapors should be noted. The binary va]5or principle has been suggested 
as applicable to gas engines, in which the temperature of the exhaust may exceed 


1000° F. 


Engine Tests * 


484. The Indicator. Two special instruments are of prime importance in 
measuring the perfoiunauce of an engine. The first of the.se is the indicator, one 
of the secret inventions of Watt (28), which 
shows the action of the steam in the cylinder. 

Some conception of the influence of this device 
on progre.s.s in economical engine operation may 
be formed from the typically bad and good dia- 
grams of Fig. 218. The indicator furni.sbes a 
method for computing the mean effective pres- 
sure and the horse power of any cylinder. 

Figure 219 shows one of the many common 
forms. Steam is admitted from the engine cylin- 
der through 6 to the lower side of the movable 
piston 8. The fluctuations of pressure in the 
cylinder cause this piston to rise or fall to an extent determined by the stiffnes.s 
of the accurately calibrated spring above it. The piston inovemeuts are trans- 
mitted through the rod 10 and the jiarallel motion linkage shown to the pencil 
23, where a perfectly vertical movement i,s produced, in definite proportion to 
the movement of the piston 8. By means of a cord passing over the sheaves 
37, 27, a to-and-fro movement is communicated from the crosshead of the engine 
to the drum, 24. The moA'ement.s of the drum, under control of the spring, 31 J 
are made ju.st proportional to those of the piston; so that the coordinates of the 
diagram traced by the piencil on the paper are pressures and piston movements. 



Fig. 218. Arts. 481, 486. — Good 
and Bad Indicator Diagrams. 


485. Special Types. Various modifications are made for special applications. 
For gas engines, smaller pistons are used on account of the high pressures; springs 
of various stiffnesses and pistons of various areas are employed to permit of accu- 

r.UnUr ulnrlviTitr tlip notion ;vt. Hiffprent. n.n.rts nf tVip pvpIp snfpt-u- ctnno Kolnn- 
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cessiTe gas engine diagrams. “Outside-spring” indicators are a recent type, in 
•which the spring is kept away fi'om the hot steam. The Rij)per mean-pressure 
indicator (29) is a device which shows contiimously the mean effective pressure 
in the cylinder. Instruments are often provided with pneumatic or electrical 
operating mechanisms, permitting one observer to take exactly simultaneous dia- 
grams from two or more cylinders. Indicators for ammonia compressors must 
nave all internal parts of steel ; special forms are also constructed for heavy hy- 



Fig. 219. Art. 181. — Croshy Steam Engine Indicator. 


draulic and ordnance pressure measurements. For very high speeds, in which the 
inertia of the moving parts would distort the diagram, optical indicators are used. 
These comprise a small mirror w'hich is moved about one axis by the jn-essure and 
about another by the piston movement. The path of the beam of light is pre- 
served by photographing it. Indicator practice constitutes an art in itself ; for 


by averaging a large iiuiiiber of equidistant; ordinates across the diagram, or, 
mechanically, by tlie use of the planimeter (:32). In usual practice, the indicator is 
either piped, with intervening valves, to both ends of the cylinder, in which case a 
pair of diagrams is obtained, as in Fig. 218, one cycle after the other, representing 
tlie action on each side of the piston ; or two diagrams are obtained by separate 
indicators. In order that the diagrams may be complete, the lines ab, representing 
the boiler pressure, cd, of atmospheric pressure, and e/of vacuum in the condenser, 
sliould be drawn, together with the line of zero volume e«, determined by measur- 
ing the clearance, and the hyperbolic curve ij, constructed as in Art. 92. The 
saturation curve gh for the amount of steam actually in the cylinder is sometimes 
added. As drawn in Fig. 218, the position of the saturation curve indicates that the 
steam i.s dry at cut-off— scarcely the usual condition of things. 

487 . Deductions. By talcing a “full-load” card, and then one with the ex- 
ternal load wholly removed, the engine overcoming its own frictional resistance 
only, we at once find the me- 
chanical efficiency, the ratio of 
power exerted at the shaft to 
power developed in the cylin- 
der; it is the quotient of the 
difference of the two diagrams 
by the former. By measur- 
ing the pressure and the vol- 
ume of the steam at release, 
and deducting the steam pres- 
ent during compression, we 
may in a rough way com- 
pute the steam consumption 
per Ihp.-hr., on the assumption 
that the steam is at this point 
dry; and, as in Art. 500, by 
properly estimating the per- 
centage of wetness, we may 
closely approximate the actual 
steam consumption. 

Some of the ajrplications 
of the indicator are sugge.sted 




by the diagrams of Fig. 220. 
In a, we have admission oc- 
curing too early; in b, too 
late. Excessively early cut-off 
is shown in c ; late cut-off, with 
excessive terminal droj), in d. 




Figure e indicates too early pTr.. 220. Art. 487. — Indicator Uiairrams and Valve 


siVB inrotrLimg aunng acunission ; j iijuioates exoBSMivt; i-bmimuiuiub uuiiiig exuausi; 
^vhicll may be due to throttling or to a poor vacuum. The effect of a small supply 
pil)e is shown in A.', in which the upper line represents a diagram taken with the 
indicator connected to the steam chest. The abrupt rise of pressure along DC is 
due to the cutting off of the flow of steam from the steam chest to the cylinder. 
Figure I shows the form of card taken when the drum is made to derive its mo- 
tion from the eccentric instead of the crosshead. This is often done in oi'der to 
study more accurately the conditions near the end of the stroke when the piston 
moves vei-y slowly, while the eccentric moves more rapidly. Figure m is the cor- 
responding ordinary diagram, and the two diagrams are correspondingly lettei-ed. 
Figure n is an excellent card from an air compressor; o shows a card from an air 
j)ump with excessive port friction, particularly on the suction side. Figure p 
shows what is called a stroke card, the dotted line representing net pressures on 
the jnston, obtained by subtracting the back pressure as at uh from the initial 
pressure «c, i.e. by making r/c = ah. Figure q shoAvs the effect of varying the 
lioint of cut-olf ; that of throttling the supply. FTegative loops like that of (j 
must be deducted from the remainder of the diagram in estimating the work done. 

488 . Measurement of Steam Quality. The second .special instrument used in 
engine testing is the steam calorimeter, .so called because it determines the percent- 
age of dryness of steam by a series of heat measurements. Carpenter (33) classi- 
fies steam calorimeters as follows : 


Calorimeters 


(a) Condensing 


(6) Su]3ei’heating 
(c) Direct 


Jet 

Surface 


r Barrel or tank 
\ Continuous 

t B arms — C ontinuous 
Hoadley 
Kent 


J External — Barrus 
[ Internal — Peabody 
’ Separator 
Clieniical 


489 . Barrel or Tank Calorimeter. The steam is discharged directly into an 
insulated tank containing cold water. Let W, w be the weights of steam and 
water respectively, /, h the initial and final temperatures of the water, correspond- 
ing to the heat quantities h, li \ ; and let the steam pressure be I\, corresponding 
to the latent heat Lo and heat of liquid 7(o, the percentage of dryness being Xn. 
The heat lost hij the steam is equal to the heat gained bg the water ; or, the steam and 
water attaining the same final temperature. 


490. Surface-condensing Calorimeter. The steam is in this case condensed 
in a coil ; it does not mingle with the water. Let the final temperature of the 
steam be h, its heat contents hi ; then 


W{x^U + /io - h^ = io(lii - li) and a-o = + Win 


More accurate measurement of W is iiossible with this arrangement. In the 
Hoadley form (34) a propeller wheel wa.s used to agitate tlie water about tlie coils; 
in the Kent in.strument, arrangement was made for removing the coil to permit 
of more accurately determining IK. In that of Barms, the flow was continuous 
and a series of observations could be made at short intervals. 

491. Superheating Calorimeters. Tlie Peabody throttling calorimeter 
is shown in Fig. 221 ; .steam entering at d tbrongli a partially closed valve 
expands to a loiver steady pressure in A and then flows into the atmos- 
phere. Let Lu, ho, Xi) be the condition at b, and assume the steam to be 
superheated at A, its temperature being T, t being the 
temperature corresponding to the pressure Pi the csor- 
responding total beat at saturation IL Then, the total heat 
at h equals the total heat at A, or 

(s/’oZ'o -f- lio)= II h(T — f), 

where fc is the mean specific heat of superheated steam 
at the pressure p between T and t ; whence 

H+]c{T-t)-h, 

• 

If we assume the piressure in A to be that of the atmos- 
phere, //= 1150.4, and superheating is possible only when 
a;,)Lo -f //.(, exceeds 1150.4. For each initial pressure, then, 
there is a corresponding ininimiiin value of beyond 
which measurements are impossible; thus, for 200 lb., riG.221. Art.-lM. 
io = 84.3.2, = 354.9, and .r„ (minimum) is 0.94. Aside — Supcriicat- 

from this limitation, the throttling calorimeter is exceed- 
ingly accurate if the proper calibrations, corrections, and methods of 
sampling are adopted. In the Barms throttling caloiumeter, the valve at 
b is replaced by a diaphragm through which a fine iiole is drilled, and the 
range of Xq values is increased by nieclianioally separating some of the 
moisture. The same advantage is realized in the Barrus superheating 
calorimeter by initially and externally heating the sample of steam. The 
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amotltlti of lieat thus used is applied in such a way that it may be ac- 
curately measured. Let it be called, say, Q per pound. Then 

cDoLo - f /io + Q = A: (T- i), and Xo = Q , 

A 

492. Separating Calorimeters. The water and steam are mechanically sepa- 
rated and separately weighed. In Fig. 222, steam enters, through G, the jacketed 
chamber shown. The water is intercepted by the cup 
14, the steam reversing its direction of flow at this 
point and entering the jacket space 7, 4, whence it is 
discharged through the small orifice 8. The water ac- 
cumulates in 3, its quantity being indicated by the 
gauge glass 10. The quantity of steam flowing is de- 
termined by calibration for each reading of the gauge 
at 9. The instrument is said to bo fairly accurate un- 
less the percentage of moisture is very small. The 
steam may be, of course, run off, condensed, and 
actually weighed. 

493. Chemical Calorimeter. This depends for its 
action on the fact that water will dissolve certain salts 
(e.ff. sodium chloride) which are insoluble in dry 
steam. 

494. Electric Calorimeter. The Thomas superheat- 
ing and throttling instrument (35) consists of a small 
soapstone cylinder in which are embedded coils of 
German silver wire, constituting an electric heater. 
This is inserted in a brass case through which flows 
a current of steam. The electrical energy correspond- 
ing to heat-augmentation to any superheated condition being known, say, as 
E 13. t. u. per pound (1 13. t. u. per minute = 17.59 watts), we have, as in Art. 491, 

XoZlo ho + E = H + k(T - 0, whence jCo = ~ ~ 

Eq 

495. Engine Trials; Heat Measurement. We may ascertain the heat 
supplied in the steam engine cycle either by di?’ect measurement, or by 



Fig. 222. Art. 492. — Sepa- 
rating Calorimeter. 


the engine is designed to operate non-condensing, the steam may be con- 
densed for the purposes of the test by passing it over coils exposed to 
the atmosphere, so that no vacuum is produced by the condensation. If 
jackets are used, the condensed steam from them must be trapped off and 
weighed. This water would ordinarily boil away when discharged at 
atmospheric pressure, so that provision must be made for first cooling it. 

496. Heat Balance. By measuring both the heat supplied and that rejected, as 
well as the work done, it is 2:)Ossil.)le to draw ipi a debit and credit account show- 
ing the use made of the heat and the unaccounted for losses. These last are due 
to the discharge of water vapor by the air luiinp, to radiation, and to leakage. 
The weight of steam condensed may easily be four or five per cent less than that 
of the water fed to the boiler. Let H, h, be the lieat contents of the steam and 
the heat in the boiler feed Avater resiiectively ; the heat absorbed per pound is 
then //— h. Let Q be the heat contents of the exhausted steam (measured 
above the feed water tenpierature) and W the heat equivalent of the work done 
per pound. Then for a perfect heat balance, 7/ — /t = Q -f W. In practice, W 
is directly comimted from the indicator diagrams; H and Q must be corrected 
for the quality of steam as determined by the calorimeter or otherwise. 


The heat charged to the engine is measured from the ideal feed- 
water temperature corresponding with the pressure of the atmosphere 
or condenser to the condition of steam at the throttle; that is, it is 
(in general symbols), 

R=Q{H—ho), B. t. u. per Ihp. hr., 

where Q represents the steam consumption in lb. per Ihp. hr. 
Then 25i5^1i is the thermal efficiency =E . Let Hg be the total heat 
above 32° after adiabatic expansion in the Clausius cycle: then the 
ideal efficiency is 

p H~Ho 

^^-ir=rh’ 

and the “ efficiency ratio ” or relative efficiency is 

QiH-Ho)' 

The efficiency ratio referred to the Carnot cycle is correspondingly 

p 

^^-Q{H-K){T-ty 



HQ, less any transmission losses between boiler and engine. If th(i 
engine runs condensing, and Qi lb. of condenser waterr circulated 
rise from ti° to t 2 ° F., the heat rejected to the circulating wabn- is 
Qii.h—h) B. t. u. There are also rejected, in the condensed sttuini, 
Q/ig B. t. u., where /ig is the heat of liquid correspemding with tlu; tcjii- 
perature of the condensed steam. (Note that —U in jet (loiuUsnsing 
engines.) Some of the heat thus rej(;cted may, how(!V('r, Ix^ ixituriu'd 
to the boiler, and should then be credited, the amount of c.redit being 
the sum of the weights roturncid each multiplied by the respc'ctive 
heat of liquid. Any steam condcuised in the jackets is c.hargc'd to the 
engine, but the heat rejected from the jackeds (usually returned to 
the boiler) is then credited as Q 2 h whore is the weight of steam con- 
densed and h the heat of liquid corresponding with its pressure (usually 
the throttle pressure). 

497. Checks; Codes. Where- engines arc used to drive electrical generators 
the measurement of the electrical energy gives a close chock on the computation 
of indicated horse power. Let Cr=generator output in kilowatts, Ac; = generator 
efficiency, = mechanical efficiency of the unit, // = .Iiip. of engine: them 1.34(? = 
HEoEm. In locomotive trials a similar clieck is obtained by eonpiarison of the 
drawbar pull and speed (36). In turbine's, the indicator (iannot bo employed; 
measurement of the mechanical power e.xortod at tlui shaft is onhctcid by the use 
of the friction brake. Standard codes for the testing of i)tun])ing engimis (37), and 
of steam engines generally (38), have been developed by the Ainerican Society of 
Mechanical Engineers. 



Fig. 224. Arts. 498, 499, 500. — Indicator Lards from Compound Engine. 


498. Example of an Engine Test* 


Figure 221, from Hall (3!)), gives 


engine, 122.0 lb. The temperature of jacket discharge was 338° T. The 
conditions during the calorimetric test of the inlet steam were Pq = 122.08 
lb. gauge, 7" = 302.1° T. (Art. 491), pressure in calorimeter body (Fig. 221), 
11.36 lb. (gauge). Tlie net weight of boiler feed water in 12 hours was 
231,861.7 lb, ; the weight of water drained from the jackets, 15,369.7 lb. 

From the cards, tlie mean effective pressures were 44.26 and 13.295 
lb. respectively; and as the average net piston areas were 697.53 and 
2452.19 square inches respectively, the total piston pressures were 44.26 
X 697.53 = 30872.7 and 13.295x2452.19=32601.9 lb. respectively. These 
were applied through a distance of 


X 2 X 58 = 696 feet per minute; 


whence the indicated horse power was 


(30872.7 + 32601.9) x 696 
33000 


1338.62. 


From Art. 4:^1, XqLq-\-\ — {T—t), or in this case, 866.5 a? + 322.47 

= 1155.84 + 0.48* (302.1 — 242.3) whence a;o = 0.995. The weight of 
cylinder feed was 231,861.7—15,369.7 = 216,492.0 lb. At its pressure of 
136.7 lb. absolute, I/ = 866,5, h = S22A. For the ascertained dryness, the 
total heat per pound, above 32°, is 322.4 + (0.995x866.5) = 1184.5 B. t. u. 
The heat left in the steam at discharge from the condenser (at 114° F.) 
was 82 B, t. u. ; the net heat absorbed per pound of cylinder feed was 
then 1184.5 — 82.0 = 1102,5; for the total weight of cylinder feed it was 
1102.5 X 216,492 =238,682,430 B. t. u. The total heat in one pound of 
jacket steam was also 1184.5 B. t. u. This was discharged at 338° F, 
(/i = 308.8), whence the heat utilized in the jackets was 1184.5 — 308.8 
= 875.7 B. t. u. (The heat discharged from both jackets and cylinders 
was transferred to the boiler feed water, the former at 338°, the latter at 
114° F.) The supply of heat to the jackets was then 875.7 x 15,369.7 
=13,459,246.29 B, t. u: the total to cylinders and jackets was this quan- 
tity plus 238,682,430 B. t. u., or 252,141,676.29 B. t. u. Dividing this by 
60 X 12 Ave have 350,196.77 B. t. u. supplied per minute. 


499, Statement of Results. We have the following: 

(a) Pounds of steam per Ihp. -hr. = 231,861.7 -r- 12 -r- 1338.62 = 14.43. 
(This is the most common measure of efficiency, but is Avholly 



(&) Pounds of dry steam perlhp.-hr. — I'l Ao X 

(c) Heat consumed per Ihp. per minute = 350;1U(3.77 -j- 1338.G2 = 2(51,01 

B. t. u. 


(d) Thermal efficiency = "A-r-2G1.01 = 0.1G21. 

(e) Work per pound of steam= — x 0.1G21 = 170 B. t. u. 

^ ^ 231,801.7 

(/) Carnot efficiency=^^:^;=^^ = 0.293. 

((/) Clausius efficiency (Art. 409), with dry steam, 

S10.83 


(351,22-114)(l+|f|)_5T3.GI„B,fi? 


351.22-114+800.5 

(7i) Ratio of (c?) H- {(j) = 0.1621 ^ 0.265 = 0.01. 


: 0.265. 


500 . Steam Consumption from Diagram. Tlio inacouracy of siicli estimates 
will be .shown. In the high-pressure cards, Fig. ‘221, the chiaranc.o .space at each 
end of the cylinder was 0.0:52 cn. ft. Tlie piston displaceiuent pi*.r .stroke on the .side 
ojjposite the rod was 70(5.80 x 72 -f- 1728 = 20.15:3 cu. ft.; the cylinder volume 
on this side was 29.45:3 + 0.9:32 = :30.:585 cu. ft. The length of the corl•(^spond- 
ing card (a) is 3.79 in.; the clearance line ho is then drawn distant from the 
admission line 

3.79 X = 0.117 in. 

29.4.53 

At £?, on the release line, the volume of steam is 30.385 cu. ft., and its pressure is 
31,2 lb. absolute. From the .steam table, tlie weight of a cubic foot of steam at 
this pressure is 0.076302 lb. ; whence the weight of steam present, assumed dry, is 
0.076362 X 30.385 = 2. .3203 lb. At a point ju.st after the beginning of compres- 
sion, point e, the volume of steam expressed as a fraction of the stroke X'lus the 
clearance equivalent is 0.517 -e 3.907 = 0.1321, 3.907 being the length ly in inches. 
The actual volume of steam at e is then 0.1321 x 30.385 = 4.038 cu, ft., and its 
pressure is 28.3 lb. absolute, at which the specific weight is 0.069083 lb. The 
weight present at e is tlieu 4.038 x 0.06.96,83 = 0.2S0 lb. The net weight of .steam 
used per stroke is 2.3203 - 0.2S0 = 2.04031b., or, per hour, 2.0403 x 58 x 60 = 7090 
lb., for this end of the cylinder only. For the other end, the weight, .similarly 
obtained, is 7050 lb,; the total weight is then 14,140 lb. Hie horse power 
developed being 1339, the cylinder feed jier Ilqi.-hr. from higli-jiressure diagrams 
is 10.6 lb., or 26 per cent less than that which the test .shows. The same jirocess 
may be applied to the low-pressure diagrams. It is Ix'st in take the jioints d and c 

in n4* 4-T-» /-v 1 .. . _1 _ l*J I T 1 • • i» « 


in the absence of a standard trial (Arts. 448, 4i0). 


CAi V V 

501. General Expression. In Fig. 224o, let —=B, —=D. Let the cylinder 

L L 

area be A sq. in., the stroke S ft., the clearance d = vi{L—d)—mAS: and let the 
speed be n r. p. m. The horse power of the double- 
acting engine is 

_ 2'pmASn 
■ 33,000 ’ 

for Pm lbs. mean effective pressure per square inch. 

The weight of steam used per stroke, in pounds, is 

BASQ +m.) _ DASjl+m.) 

IMxoo IMXVo 

144 \ / \xvo X Vo/ ■ 

where Vo and Vo are the specific volumes of dry steam and x and X are tlie dryness 
of the actual steam, at d and e respectively. Making X = .r = 1.0, we find {from 
the indicator diagrams alone) the weight of steam consumed per Ihp. hour to be 
in pounds, 

120nTF _ 13,7.50 (1 +w) /B D\ 

H.P. pm V'o Vo) ‘ 

In applying this to compound engines, pm must be taken as the total equivalent 
mean effective pressure “referred to” to the cylinder of area A (Art. 472). 

For the conditions of Art. 500, pr 7 i = 44.264- ^|^X13.295^ =90.36, and the steam 
rate is 

1 q -.n /__ 30.385 4.038 \ ^ 4 ii 

lci,/ou(^y0.3G/ \30.385X13.24 30.385X14.53/ 

502. Measurement of Rejected Heat. A common example is in tests in 
which the steam is condensed by a jet condenser (Art. 584). In a test 
cited by Ewing (40), the heat ab.sorbed per revolution measured above the 
temperature of the boiler feed was 1551 B. t. n. ; that converted into work 
was 225 B. t. n. The exliaust steam was mingled with the condensing 
water, a combined weight of 51.108 lb. being found per revolution. The 
temperature of the entering -water -was 50° F., that of the discharged mix- 
ture was 73.4° F., and the cylinder feed amounted to 1.208 lb. per revolu- 
tion. The temperature of the boiler feed water was 59° F, We may 
compute the injection water as 51.108 — 1.208 = 49.9 lb. and the heat 


p 



Consumption from Diagram. 


to which we must add 47 B. t. u. from the jackets, giving a total of 

1231.4 B. t. u. Adding this to the work done, wo liave 123)1.4 + 225 = 

1456.4 B. t. n. accounted for of the total 1551 B. t. u. sui)pliod; the 
discrepancy is over 6 per cent. 

When surface condensers are used, the tem])oraturos of discharge of 
the condensed steam and the condenser water are different and the weight 
of water is ascertained directly. In other respects the computation 
would be as given.* 


503. Statements of Efficiency. Engine.s arc sometiinca rated on tlic basis of 
fuel consumption. The duty is the number of foot-pounds of work done in the 
cylinder per 100 pounds of coal burned (sometimes — and ijreferably — the mmibc'r 
of foot-pounds of work per 1,000,000 B. t. u. consumed at coal. The efficiency 
of the plant is the quotient of the heat converted into work per pound of coal, by 
the heat units contained in the pound of coal. In the test in Art. 498, the coal 
consumption per Ihp.-hr. was 2068.84 -M338.62 = 1.54 lb. In .some cases, all state- 
ments are based on the brake horse power instead of the indicaled horse power. The 
ratio of the two is of course the mechanical efficiency. It may be noted tliat the 
engine is charged with steam, not at boiler pressure, but at the ju-essure in l.he steam 
pipe. The difference between the two pressures and qualities reiiresent.s a loss 
which may be considered as dependent upon the transmissive efficiency. The i)lant 
efficiency is obviously the product of the efficiencies of boiler (Art. 574), transmission, 
and engine. 


504. Measurement of Heat Transfers : Him’s Analysis. In the refined methods 
of studying steam engine performance developed by Him (41), and expounded by 
jP Dwelshauvers-Dery (42), the heat absorbed 

and that rejected are both measured. Dur- 



ing any path of the cycle, the heat inter- 
change between fluid and walls is eomjmted 
from the change in internal energy, the heat 
externally supplied or discharged, and the 
external work done. 

The internal energy of steam i.s, in general 
symbols, h-\-xr. The heat received being Q, 
and the heat lost by radiation Q', we have 
the general form 


Qu — Q\2-\-E2—Ei-\-W 12 = Qi2-l-'u;2(/i2+.'r2r2) -leff/q-l-aiiri) -1-1^12, 

where the path is, for example, from 1 to 2, and the weight of steam increases from 
Wv to Wi. Applying such equations to the cycle. Fig. 225, made up of the four 

* Tf a. ! ....... - . 


M that of cylinder feed, per stroke, in pounds. 

Eo =Mo(,ho-\-XQro ) ; E2 ~ (Afo+ilf) 

El = {Mo-\-M) ihi-\rXiri ) ) E 3 = M o{hs-\-Xirs) . 

Let Qa, Qb, Qc, Qd, represent amounts of heat transferred to the walls along the 
paths a, b, c, d. 

Consider the path a. Let the heat supplied by the incoming steam be Q. Then 

Q-Qa = Wa + {Ei-Eo). 

Along the path b, -Qb = Wb+{E 2 -Ei); along d, —Qd= -Wa + iEo-E^). 

Along c, heat is carried away by the discharged steam and by the cooling water. 
Let G denote the weight of cooling water per stroke, h and hi its final and initial 
heat contents, and ha the heat contents of the discharged steam. The heat rejected 
by the fluid per stroke is then G(/j 6— Then —Qc~G(hs—h 4 )—Mhc = 
-Wc+{E,~E 2 ), and Q,= -G{h-h 4 )-Mh,+Wc-(.E,-E 2 ). 

Values for the h and r quantities are obtained from the steam table for the pres- 
sures shown by the indicator diagram. The diagram gives also the work quantities 
along each of the four “ paths.” The conditions of the test give Q, G, h^, ha, Ju, 
and M. The remaining unknown quantities are Mo and the drynesses. Mo is found 
by assuming .T 3 = 1.0 (see Art. 500). Then the dryness at any of the remaining 
points 0, 1, 2, may be found by writing 

_ V 
~ VDVq 

where v is the volume shown by the indicator diagi-am, va is the specific volume 
of dry steam and w is the weight of steam present, at the point in question. The 
quantity w will be equal to Mo or {M -\-Mo) as the case may be. 

50d. Graphical Representation. In Fig. 226, from the base line xy, we may 
lay off the ai-cas oc/s representing heat lost during admission, smba showing heat 
gained during expansion, mher showing heat gained 
during release, and oakr showing heat lost during 
compression. If there were no radiation losses 
from the walls to the atmosphere, the areas above 
the line xjj would just equal those below it. Any 
excess in upper areas represents radiation losses. 

Ignoring these losses. Him found by comparing the 
work done with the value of Q—Mho~G{hi,—hi) 
an approximate value for the mechanical equivalent 
of heat (Art. 32). 

Analytically, if Qt denote the loss by radiation, 
its value is the algebraic sum of Qa, Qi>, Qc, Qd- If 
the heat Qj be supplied by a steam jacket, then 
Qr = Qj + "^Qa, 0. c. d- The heat transfer during 
relea.se, Qc, regarded by Him as in a special sense a 
measure of wastefulness of the walls, may be expressed as Qr — Qj — '^Ga, b. a ■ In 



Transfers. 


in initial pressure, back pressure, load or ratio of expansion. This is accomplished 
by using a sensitive governor and a suitably heavy fly-wheel. Regulation cannot 
be studied by unaided observation with a revolution counter or by an ordinary 
recording instrument. An accurate indicating tachometer or some special optical 
device must be employed {Trans. A. S. M. E,, XXIV, 742). 

Types of Steam Engine 

506. ; special Engines. We need not consider the commercially unimportant 
class of engines using vapors other than steam, those experimental engines built 
for educational institutions which belong to no special type (43), engines of novel 
and limited application like those employed on motor cars (44), nor the " fireless ” 
or stored hot-water steam engines occasionally employed for locomotion (45). 

507. Classification of Engines. Commercially important types may be con- 
densing or non-condensing. They are classified as right-hand oi- left-hand, accord- 
ing as the flywheel is on the right or left side of the ceiitnr line of the cylinder, 
as viewed from the back cylinder head. They may be simple or multiple-expan- 


rectilinear impulse at the water cylinders. In the duplex engine, simple cylinders 
are used side by side. The terms horizontal, vertical, and inclined refer to the posi- 
tions of the center lines of the cylinders. The horizontal engine, as in Figs. 186 
and 229, is mostly used in land practice ; the vertical engine is most common at 



■ Fig. 229. Art. 507. — Automatic Engine. (American Ball Engine Compiiny.) 


sea. Cross-compound vertical engines are often direct-connected to electric gen- 
erators. Vertical engines have occasionally been built witli the cylinder below 
the shaft. This type, with the inclined engine, is now rarely used. Inclined 
engines have been built with oscillating cylinders, the use of a crosshead and 
connecting rod being avoided by mounting the cylinder on trunnions, through 



exhausts into a vertical low-pressure cylinder. A different typ(i of (ui^-iiu;, but 
with a similar structural arrangement, has been used in some of the largest 
power stations. 

Engines are locomotive, stationary, or marine. Tin; last belong in a class by 
themselves, and will not be illustrated here; their capacity rang(iH u;) to that of 
our largest stationary power plants. Stationary engines are. further classed as 
pumping engines, mill engines, power plant engines, etc. They may b(> further 
grouped according to the method of absorbing the ])ower, as belted, direct-con- 
nected, rope driven, etc. An engine diia'otly driving an air compressor is shown in 


Fig. 80. “ Rolling mill engines ” undergo enormous 
variations in load, and must have a c()rres]K)ndingly 
massive (tiuigye) frame. Powcu' plant engines gen- 
erally must be subjected to heavy load variations; 
their frames are accordingly usually eith(;r tangye or 
semi-tangye. INIill engines 02 )erate, at steadier loads, 
and have frequently been built with light girder 
frames. Modern. high steam ]rressures have, however, 
led to the general discontinuance of this frame in 
favor of the semi-tangye. 

A slow-speed engine may run at any speed up to 
125 r. p. m. From 125 to 200 v. p. m. may be re- 
garded as medium speed. Speeds above 200 r. p. m. 
are regarded as high. Certain types of engine are 
adapted only for certain spe(jd I'anges; the ordinary 
slide-valve engine, showm in Fig. ISO, may be oper- 
ated at almost any speed. For laj’ge units, sjiecds 
range usually from 80 to 100 r.p.m. The higher- 
speed engines are considered mechanically less re- 
liable, and their valves do not lend themselves to quite 
as economical a distribution of steam. An important 
class of medium-speed engines has, how'e.ver, been in- 
troduced, in W’hich the independent valve action of 
the Corliss type has been retained, and the promptness 
of cut-off only attainable by a releasing gear has been 
approximated. Tu some cheap high-speed engines 
governing is effected simply but nneconomically by 
throttling the steam supply. Such engines miiy have 
sliallow continuous frames or the sub-base, as in Fig. 
220, which represents tlie large class of automatic 
high-speed engines in which regulation is effheted by 
automatically varying the jioint of cut-off. Figure 2:)0 
show\s three sets of indicator dia<!'r!i,ms from ;i. onm- 
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iisecl at moderately high speeds. Sharpness of ent-off is usually obtainable 
;h a releasing gear, in which the nicchani.sm operating the valves is discon- 


iiid tlie steam valve is au- 
xlly and instantaneously 
This feature distinguishes 
liss type, most commonly 
high-grade mill and power 
rvice. AATth the releasing 
ual speeds seldom exceed 
in. The valve in a Cor- 
ine is cylindrical, and ex- 
press the cylinder. Some 
of the mechanism are 
n Fig. 231. In very large 
the releasing principle is 
les retained, but with 
or other forms of valve. 
2.32 shows the parts of a 
Corliss engine with serai- 
Erame. 

i. The Stnmpf Engine. Re- 
.e reductions in cylinder loss 
en effected by the unidirec- 
ow piston -exhaust engine 
npf, shown in Fig. 231a. 
ton itself acts as an exhaust 
y uncovering slots in the 
f the cylinder at 1 % strike. 
;keted heads form steam 
‘or the poppet admission 
The piston is about half 
as the cylinder. The ad- 
s of the engine are, very 
listen leakage, no s]iecial 
valve, ample exliaust ports, 
irance (1^ to 2 per cent) 
need c 5 dinder condensation. 
;t is due to the continuous 
team from ends to center of 
ider, w'hich keeps the cooled 
anded steam from sw'eeping 



heads. (The steam in an engine cylinder is by no means in a condition 
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the piston, is used to prolong the exhaust period during part of the return stroke. 
Some of the advantages are thereby sacrificed: this modification is not necessary on 
condensing engines. 

The device has been applied to locomotives on the Prussian state railways {Engi- 
neering Magazine, March, 1912). The cylinders are of excessive lengths: a special 
valve gear, highly economical in power consumption, has been developed. The 
early compression (no supplementary exhaust valve being used) requires large 
clearance: but it is claimed that with a concave-ended hollow piston the wall surface 
of the clearance space (which influences the loss) is from 40 to GO per cent less than 
that in an ordinary locomotive cyhnder. Any initial condensation is automatically 



discharged through holes in the Qyhnder wall, so that it ceases to be a factor in 
producing further condensation. 

508. The Steam Power Plant. Figure 233, from Heck (46), is 
introduced at this point to give a conception of the various elements 
composing, with the engine, the complete steam plant. Fuel is burned 
on the grate 1; the gases from the fire follow the path denoted by the 
arrows, and pass the damper 4 to the clumney 5. Water enters, from 
the pump IV, the boiler through 29, and is evaporated, the steam 




This is an entire power j^lant, 
made pjortable. Figure 2'^A 
shows a typical modern form. 
The engine consists of two 
horizontal double acting cyl- 
inders coupled to the ends of 
the same axle at right an- 
gles. These are located un- 
der the front end of the 
boiler, which is of the type 
described in Art. 563, A 
pair of heavy frames sup- 
ports the boiler, the load be- 
ing carried on the axles by 
means of an , intervening 
“ spring rigging.” The stack 
is necessarily short, so that 
artificial draft is provided by 
means of an expanding noz- 
zle in the “smoke box,” 
through which the exhaust 
steam passes ; live steam 
inay be used when necessary 
to supplement this. The 
engines are non-condensing, 
but superheating and heat- 
ing of feed water, particu- 
larly the former, are being 
introduced extensively. The 
water is carried in an aux- 
iliary tender, excepting in 
light locomotives, in which a 
“saddle” tank may be built 
over the boiler. 

The ability of a locomo- 
tive to start a load depends 
upon the force which it can 
exert at the rim of the driv- 
ing wheel. If d is the cylin- 
der diameter in inches, L the 
stroke in feet, and p the 
maximum mean effective 


eras worJr to oe trans- 
initted to the point of 
contact between wheel 
and rail without loss, 
and that the diameter 
of the wheel is D feet, 
then the tractive power, 
the force exerted at 
the rim of the wheel, 

is Tvd~Lp ttD = • 

Tlie value of p, with 
such valve gears as are 
employed on locomo- 
tives, may be taken at 
80 to 85 per cent of the 
boiler pressure. The 
actual tractive power, 
and the 'pull on the 
drawbar, are reduced 
by the friction of the 
mechanism ; the latter 
from 5 to 15 per cent. 
Under ordinary con- 
ditions of rail, the 
wheels will slii^ when 
the tractive power ex- 
ceeds 0.22 to 0.2.5 the 
total weight carried by 
the driAung Avheels. 
This fraction of the 
total weight is called 
the adhesion, and it is 
useless to make the 
tractiAm poAver greater. 
In locomotives of cer- 
tain types, a “ traction 
iucreaser ” is sometimes 
used. This is a device 
for shifting some of the 
Aveight of the machine 
from trailer AAdieels to 
driving Avheels. The 



Fig. 23-1. Art. 509. — Consolidatiou Locomotwe. (American Locomotive Company.) 
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proaching a heavy grade, may utilize a higher boiler pressure or a later cut-of£ 
than would otherwise be useful. 

510. Compounding. Mallet compounded the two cylinders as early as 1876. 
The steam pipe between the cylinders wound through the smoke box, thus becom- 
ing a reheating receiver. Mallet also proposed the use of a pair of tandem compound 
cylinders on each side. The Baldwin type of compound has two cylinders on each 
side, the high pressure being above the low pressure. Webb has used t-wo ordinary 
outside cylinders as high-pressure elements, with a very large low-pressure cylinder 
placed under the boiler between the wheels. In the Cole compound, two outside 
low-pressure cylinders receive steam from two high-pressure inside cylinders. The 
former are connected to crank pins, as in ordinary practice : the latter drive a 
forward driving axle, involving the use of a crank axle. The four crank efforts 
differ in phase by 90°. This causes a very regular rotative impulse, whence the 
name balanced compound. Inside cylinders, with crank axles, are almost exclusively 
used, even with simple engines, in Europe: two-cylinder compounds with both 
cylinders inside have been employed. The use of the crank axle has been complicated 
in some locomotives with a splitting of the connecting rod from the inside cylinders 
to cause it to clear the forward axle. Greater simplicity follows the standard 
method of coupling the inside cylinders to the forward axle. 

511. Locomotive Economy. The aim in locomotive design is not the greatest 
economy of steam, but the installation of the greatest possible power-producing 
caxoacity in a definitely limited space. Notwithstanding this, locomotives have 
shown very fair efficiencies. This is largely due to the small excess air supply 
arising from the high rate of fuel consumption persquai’e foot of grate (Art. 664). 
The locomotive's normal load is w'hat would he considered, in stationary practice, 
an extreme overload. Its mechanical efficiency is therefore high. For the most 
complete data on locomotive trials, the Pennsylvania Railroad Report (47) should 
be consulted. The American Society of Mechanical Engineers has published a 
code (48) ; Reeve has worked out the heat interchange in a specimen test by Hirn's 
analysis (49). (See Art. 554.) 

(1) D. K. Clark, Bailway Machinery, (2) Isherwood, Experimental Besearches 
in Steam Engineering,, 1803. (3) Ee la condensation de la vapenVy etc., Ann, des 

mines, 1877. (4) Bull, de la Soc. Indust, de Mulhouse, 1855, et seq. (5) Proc. List. 

Civ. Eng., CXXXI. (6) Peabody, Thermodynamics, 1907, 233. (8) Min. Proc. 

hist. C. E., March, 1888; April, 1893. (9) Op. cit. (10) Engine Tests, G. H. 

Barrus. (11) The Steam Engine, 1892, p. 190. (12) The Steam Engine, 1905, 
109, 119, 120. (13) Proc. Inst. Mech. Eng., 1889, 1892, 1895. (14) Ripper, Steam 
Engine Theory and Practice, 1905, p. 167. (15) Ripper, op. cit., p. 149. (16) Trans. 

A. S. M. E., XXVIII, 10. (17) For a discussion of the interpretation of the Boulvin 


iicaL instructions jor using tnc oteam angine inaicator, puDlisned by tae Urosby 
Steam Gage and Valve Company, 1905. (32) Low, op. cit., pp. 103-107; Carpen- 
ter, op. cit., pp. 41-55, 531, 780. (33) Op. cit., p. 391. (34) Trans. A. S. M. E., 

VI, 716. (35) Ibid., XXV. (36) Ibid., 1892, also XXV, 827. (37) Ibid., XI. 
(38) Ibid., XXIV, 713. (39) Op. cit., 144. (40) The Steam Engine, p. 212. (41) 
Bull, de laSoc. Ind. de Mulhousc, 1873. (42) Expose Succinct, etc.; Revue Universelle 

des Mines, 1880. (43) Carpenter, Experimental Engineering, 1907, 657; Peabody, 

Thermodynamics, 1907, 225. (44) Trans. A. S. M. E., XXVIII, 2, 225. (45) 
Zeuner, Technical Thermodynamics (Klein), II, 449. (46) The Steam Engine, 1905, 
I, 2, 3. (47) Locomotive Tests and Exhibits at the Louisiana Purchase Exposition, 

1906. (48) Trans. A. S. M. E., 1892. (49) Ibid., XXVIII, 10, 1658. 

SYNOPSIS OF CHAPTEE XIII 

Practical Modifications of the Bankine Cycle 

■With valves moving in.stantancously at the ends of the .stroke, the engine would 
operate in the non-expansive cycle. The introduction of cut-q^ makes the cycle 
that of Bankine, modilied as follows : 

(1) Port friction reduces the pres.sure during admission. Thi.s causes a loss of availa- 
hility of the heat, liegulatioii by throttling is wasteful. 

(2) The expansion curve differs in shape and position from that in the ideal cycle. 
Expansion is nut adiabatic. The steam at the point of cut-off contains from 25 

• to 70 per cent of water on account of initial condensation. Further condensation 
may occur very early in tlie expansion stroke, followed by reevaporation later 
on, after the pres.sure has become sufficiently lowered. The exponent of the 
expansion curve is a functifin of the initial dryne.ss. The inner surfaces only of 
the walls fluctuate in toniperature. Condensation is influenced by 

(a) the temperature range: wide limits, theoretically desirable, introduce some 
l^ractical losses ; 

(5) the size of the engine : the exposed surface is proportionately greater in 
small engines ; 

(c) its speed : high .speed gives le.ss time for heat transfers ; 

(d) the raifo of expansion: wide ratios increase condensation and decrea.se 
efficiency, particularly because of increased initial condensation. Initial 
wetness facilitates the formation of further moisture. In good design, the 
ratio should be fixed to obtain reasonably complete expansion without 

0.27 fsT ” 

excessive condensation, say at 4- or 5 to 1. M = Values of T. 

Steam jackets provide steam insulation at constant temperature ; they oppose initial 
condensation in the cylinder and are used principally with sloio speeds and high 
ratio of expansion. Some saving is always shovm. Superheat, used mrder similar 


fonn of cycle. H. P. = 


.I)iiijj;Kim liK'.tor =0.5 to 


35000 

0.9. With polytropic expansion, M. E. P. 

(3) The exhaust line allows backpressure duo to friction of i)ort.s, tiu; pro.sonc.o of air, 
and reevaporation. High altitudes incroaso the c.apac.ity of nou-coud('Using 
engines. 

(4) Clearance varies frona 2 to 15 per cent. “Ileal” and “apparent” ratios of 
expansion. 

(5) Compression bring.s the piston to rest (piiotiy ; though tluioretieally ](\s.s desirable 
than jacketing, it may reduce initial condensation. 

(0) Valve action is not instantaneous, and the coriuirs of (h(\ diagram are always 
somewhat rounded. Leakage is an. important cause, of waste. 

The Steam Ewjine Cycle on the Entropy iDiayram. 

Cushion steam, present throughout the cycle, is not includ(!(l in m(!as\iremeuts of 
steam ased. 

Its volumes may be deducted, giving a diagram representing tin* beliavior of the 
cylinder feed alone. 

The indicator diagram shows actions neither cyclic nor reversible : it depicts a 
varying mass of steam. 

The Boulvin diagram gives the NT history corvectly along the expansion curve only. 

The Heere diagram eliminates the cushion steam"; it covrtictly dei)ictH bol.h (>.xpan- 
sion and compression curves, as referred to the eylindei' fi.asl. 

The preferred diagram plots the expansion and compression (’.urv((s sepiiral;e.ly. 

Diagrams may show (a) loss by condimsation, (b) gains by increascid pre.ssure and 
decreased back pressure, (c) gain.s by superheatiiig and jiu:k('.ti]ig. 

Multiple Expansion 

Increased initial pressure and decreased back j^ressure pay best w'il.h wide cixpansivo 
ratios. 

Such ratios are possible, with multiple expansion, without excessive e.ondensation. 

Condensation is less serious because of («,) the use made of re('va])orat,ed steam, 
(5) the decrease in initial condensation, and (e) the small size of the high, 
pressure cylinder. 

Several numbers and arrangeme]its of cylinders are x^owsible with exx)ansion in two, 
three, or four stages. 

Incidental advantages: less steam lost in clearance s^jace ; comx^re.ssion begins la.ter ; 
the large cylinder is subjected to low pressure only ; more uniform s])eed and 
moderate .stresse.s. 

The Woolf engine had no receiver ; the low-y)rcssxire cylinder received steam through- 
out the stroke as discharged by the high-xiressure cylinder, 'riie former, there- 

•frw'Q Ttri 4-1 % /-m-» 4* mi... _ • .j. _ i • • i i -i * i»e ^ t __ ^ 


ur cmniyciCciLiy aeiermineti lor iiinaem anu cross-compouna engines. 

In combining diagrams, tw:> saturation curves are necessaiy, imlc.s." the cushion steam 
be deducted. 

Tlie diagram factor has an approximate value the same as that in a simple engine hav- 
ing expansions, in which n is the number of expansions in the compound 
engine and c its number of expansive stages. 

Cylinder ratios are 3 or 4 to 1 if non-condensing, 4 or 6 to 1 if condensing, in com- 
pounds ; triples have ratios from 1 : 2.0 ; 2.0 to 1 : 2.5 : 2.5. A large high-pressure 
cylinder gives high overload capacity. 

The engine may be designed so as to equalize work areas, or by assuming the cylinder 
ratio. “ Equivalent simple cylintler.” Values of U. 

Governing should be by varying the point of cut-off in both cylinders. 

Drop in any but the last cylinder is usually considered undesirable. 

Exceptionally high efficiency is shown by compounds having cylinder ratios of 7 to 1. 
The high-pressure cylinder in ordinary compounds is too large for highe.st efficiency. 

The Imiary vapor engine employs the waste heat of the exhaust to evaporate a fluid 
having a lower boiling point than can be attained with steam. Additional work 
may then be evolved down to a rejection temperature of 00 or 70° E. The best 
result achieved is 107 B. t. u. per Ihp.-minute. 


Engine Tests 


The indicator measures pressures and volumes in the cylinder and thus shows the 
“cycle.” 

Its diagi’am gives the m. e. p. and points out errors in valve adjustment or control. 

, ,, + TV)- W/l-T'F/iO. 

Calorimeters : the barrel type : Xq = wyT > 


surface .condensing : cco 


whi -h lT'7i2 — %vh — IV/io. 
: __ ; 


superheating : X{) = 


J-I+k{T -t)-hQ, 

U 


Barrus : Xo = 


II-hk(T- 0- ho-Q 
Lo 


limits of capacity ; 


separating : direct weighing of the steam and water; 
chemical : insolubility of salts in dry steam ; 
electrical : 1 B. t. u. per minute = 17.59 watts. 


Engine trials : we may measure either the heat absorbed or the heat rejected + the work 
done. 

By measuring both, we obtain a heat balance. 

Besulls usually stated : lb. dry or actual steam per Ihp.-hr.; B. t. ii. per Ihp.-minute ; 
thermal efficiency ; work per Ib. steam ; Carnot efficiency ; Clausius efficiency ; 
efficiency ratios. 

By assuming the steam dry at compression and cut-off or release, and knowing the 
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Eirn's analysis: Ex = 'Z,M {hx-^x^Tx)-, Ex-Ex^Wx ] lieat transfer to and from 
■walls may be computed from the supply of heat, the change in internal energy, 
and the work done. The excess of losses over gains represents radiation. 

Testing of regulation (speed control). 

Types of Steam Enyine 

Standard engines : non-condensing or condensing ; right-hand or left-hand ; simple 
or multiple expansion ; single-acting or double-acting ; rotative or non-rotative ; 
duplex or single ; horizontal, vertical, or inclined ; locomotive, stationary (pump- 
ing, mill, power plant), or marine ; belted, direct-connected, or rope-driven ; air 
compressors ; girder, tangye, or semi-tangye frames ; slo-w, medium, or high speed ; 
throttling, automatic, four-valve, or releasing gear. The Stumpf unifiow engine. 

The ‘power plant : feed pump, boiler, engine, condenser. 

The locomotive: tractive pow'or=--^; adhesion = 0.22 to 0.25X'weight on drivers; 

two-cylinder and four-cylinder compoiuids ; the balanced compound ; high econ- 
omy of locomotive engines. 


PEOBLEMS 

1 . Show from Art. 42G that the loss by a throttling process is equal to the prod- 
uct of the increase of entropy by the abstjlute temperature at the end of the process. 

2. Ignoring radiation, how fast are the walls gaining heat because of transfers 

during expansion in an engine running at 100 r. p. m., in which a pound of steam is 
condensed per revolution at a mean pressure of 100 lb., and 0.30 pound is reevaporated 
at a mean pressure of 42 lb.!’ (^dns., 3637 B. t. u. per minute). 

3 a. Plot curves representing the results of the tests given in Art. 434. 

3 h. Eepresent by a curve the results of the Barrus tests. Art. 436. 

4 . All other factors being the same, how much less initial condensation, at J cut- 
off, should be found in an engine SOI'^x^S" than in one 7"X7"? (Art. 437). 

5. Sketch a curve showing the variation in engine efficiency with ratio of expan- 
sion. 

6. Bind the percentage of initial condensation at | cut-off in a non-condensing 
engine using dry steam, running at 100 r. p. m. Avith a loressure at cut-olf of 120 lb. 
the engine being 30|"X48" (Art. 437). 

7. In Fig. 193, assuming the initial pressure to have been 100 lb., the feed-water 
temperature 90° F., find the approximate thermal efficiencies with the various amounts 
of superheat at a load of 15 hp. 

8. In an ideal Clausius cycle AAoth initially diy steam between p = 140 and p = 2 
(Art. 417), by Avhat percentage Avould the efficiency be increased if the initial pressui'e 
Avere made 160 lb. ? By AA'hat percentage AA'ould it be decreased if the lower pressure 
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11. In Problem 9, -what percentage of power is lost if the lower pressure is raised 
to 3f lb. ? 

12. By what percentage would the capacity of an engine be increased at an altitude 
of 10,000 ft. as compared with sea level, at 120 lb. initial gauge pressure and a back 
pressure 1 lb. greater than that of the atmosphere, the ratio of expansion being 4 ? 
(Atmospheric pressure decreases J lb. per 1000 ft. of height.) 

3. An engine has an apparent ratio of expansion of 4, and a clearance amomrting 
to 0.05 of the piston displacement. What is its real ratio of expansion ? (A.?is., 3.5.) 

14. In the diy steam Clai^sius cycle of Problem S, by wliat percentage are the ca- 
pacity and efficiency affected if expansion is hyperbolic instead of adiabatic ? Discuss 
the results. 

15. In an engine having a clearance volume of 1.0 and a back pressure of 2 lb., 
the pressure at the end of compression is 40 lb. If the compressien curve is PFi-03 =c, 
what is the volume at the beginning of compression ? (Aas., 18.28.) 

16. An engine works between 120 and 2 lb. pres.sure, the piston di!3placement 
being 20 cu. ft., clearance 5 per cent, and apparent ratio of expansion 4. The expan- 
sion curve is PFi-02 = c, the compression curve P'F‘i-03=c, and the final compression 
pressure is 40 lb. Plot the PV diagram with actual volumes of the cushion steam 
eliminated. 

17. In Problem 16, 1.825 lb. of steam are present per cycle. Plot the entropy dia- 
gram from the indicator card by Boulvin’s method. 

18. In Problems 16 and 17, compute and idot the entropy diagram by Eeeve’s 
method, as.suming the steam dry at the beginning of compression. (See Art. 457.) 
Discuss any differences between this diagram and that obtained in Problem 17. 

19. In a non-expansive cycle, find the theoretical changes in capacity and economy 
by raising the initial pressure from 100 to 120 lb., the back pressure being 2 lb. 

(Ans., 1.2 per cent gain in capacity : 8.5 per cent increase in efficiency.) 

20. A non-expansive engine with limiting volumes of 1 and 6 cu. ft. and an initial 
pressure of 120 lb., without compression, has its back irressure decreased from 4 to 2 lb. 
Pind the changes in capacity and efficiency. The same steam is now allowed to expand 
hyperboHcally to a volume of 21 cu. ft. Pind the effects following tlie reduction of 
back pressure in this case. The steam is in each case dry at the point of cut-off. 

(A7rs., (a) 1.7 per cent increase in capacity and efficiency ; (&) 3.2 per cent 
increase in capacity and efficiency. 

21. Pind the cylinder diraonsions of an automatic engine to develop 30 horse 
power at 300 r. p. m., non-condensing, at cut-off, the initial pressure being 100 lb. 
and the piston speed 300 ft. per minute. The engine is double-acting. 

22. Sketch a possible cylinder arrangement for a quadruple-expansion engine with 
seven cylinders, three of which are vertical and four horizontal, showing the receivers 
and pipe connections. 
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engine and in the high-pressure cylinder of the compound, the pressures being as in 
Problem 23 ? 

25. Take the same engines. The simple engine has a real ratio of expansion of 4; 
the compormd is as in Problems 23 and 24. Compression is to be carried to 40 lb. in 
the simple engine and to 60 lb. in the compound in order to prevent waste of 
steam. By what percentages are the work areas reduced in the two engines under 
consideration ? 

26. A cro.ss-comi)ound double-acting engine operates between pressure limits of 
120 and 2 lb. at 100 r. p. m. and 800 ft. piston speed, developing 1000 hp. Pind tlie 
sizes of the cylinders under the following assumptions, there being no drop : (a) dia- 
gram factor 0.85, 20 expansions, receiver pressure 24 lb. ; {b) diagram factor 0.85, 
20 expansions, work equally divided ; (c) diagram factor 0.85, 20 expansions, cylinder 
ratio 5:1; (d) diagram factor 0.83, 32 expansions, work equally divided. Pind the 
power developed by each cylinder in (a) and (c). Pind the size of the cylinder of the 
equivalent simple engine having a diagram factor of 0.80 with 20 expansions. Draw 
up a tabular. statement of the five designs and discuss their comparative merits. 

27 . In Problem 26, Case (a), the receiver volume being equal to that of the low- 
pressure cylinder, find graphically and analytically tlie point of cut-off on the low- 
pressure cylinder. 

28 . Trace the combined diagram for one end of the cylinder from the first set of 
cards in Fig. 230, assuming the clearance in each cylinder to have beeir 15 per cent 
of the piston displacement, the cylinder ratio 3 to 1, and the pressure scales of both 
cards to be the same. 

29 . Show on the entropy diagram the effect of reheating. 

30 . In Art. 483, what was the Carnot efficiency of the Josse engine ? Assuming 
it to have been used in combination with a gas engine, the maximum temperature in 
the latter being 3000° P., by what approximate amount might the Carnot efficiency 
of the former have been increased ? (The temperature of saturated sulphur dioxide 
at 35 lb. pre.ssure is 52° F.) 

31 . An indicator diagram has an area of 82,192.5 foot-pounds. What is the 
mean effective pressure if the engine is 30|"X48" ? What is the horse power of this 
engine if it iims double-acting at 100 r. p. m. ? (Ans., 28.1 lb.; 498 hp.) 

32. Given points 1, 2 on a hyperbolic curve, .such that F 2 — 1^1 = 15, Pi=120, 
Pa = 34.3, find the OP-axis. 

33 . An engine develops 500 hp. at full load, and 62 hp. when merely rotating its 
wheel without external load. What is its mechanical efficiency ? (Ans., 0.876.) 

34 . Steam at 100 lb. pres, sure is mixed with water at 100°. The weight of water 
increases from 10 to 11 lb., and its temperature rises to 197-|°. What was the per- 
centage of dryness of the steam ? (Ans., 95 per cent.) 

35 . The same steam is condensed in and discharged from a coil, its temperature 
becoming 210°, and 10 lb. of .surrounding water rise in temperature from 100° to 204-^. 


y» lull, wiiM iis tuyness v [Ans , U.955.) 

38. Under the pressure and temperature conditions of Problem 37, the added heat 
is from an electric current of 5 amperes provided for one minute, the voltage falling 
from 220 to 110. What was the amount of heat added and the percentage of dryness 
of the steam ? (See Art. 494.) (Aas., 95,4 per cent.) 

39. An engine consumes 10,000 Ih. of dry steam per hour, the moisture having 
been completely eliminated by a receiver separator which at the end of one hour is 
iound to contain 285 lb. of water. What was the dryness of the steam entering the 
separator ? {Ans., 97.2 per cent.) 


A double-acting engine at 100 r. p. m. and a piston speed of 800 feet per minute 
gives an indicator diagram in which the pressure limits are 120 and 2 lb., the volume 
limits 1 and 21 cu. ft. The apparent ratio of expansion is 4. The expansion curve 
follows the lawPFi-02=:C. Compression is to 40 lb., according to the law PV^-o^ = c. 
Disregard rounded coiners. The boiler pressure is 130 lb., the steam leaving the 
boiler is dry, the steam at the throttle being 95 per cent dry and at 120 lb, pressure. 
The boiler evaporates 26,500 lb. of steam per hour ; 2000 lb, of steam are supphed to 
the jackets at 120 lb. pressure. The engine inns jet-condensing, the inlet water 
weighing 530,000 lb. per hour at 43.85° F., the outlet weighing 554,000 lb. at 90° F. 
The coal burned is 2700 lb. per hour, its average heat value being 14,000 B. t.u. 
Compute as follows ; 

40, The mean effective pressure and indicated horse power. (Note. The work 
quantities under the cuiwes must be computed with much accuracy.) 

{Ans., 68.571b.; 1196.8 hp.) 

41. The cylinder dimensions of the engine. {Ans., 30.24 by 48 in.) 

• 42. The heat supplied at the throttle per pound of cylinder and jacket steam, and 
the B. t. u. consumed per Ihp. per minute ; the engine being charged with heat above 
the temiieratures of the respective discharges. 

43. The dry steam consumption per Ihp.-hr., thennal efficiency, and work per 
liound of dry steam. 

44. T1u 5 Carnot efficiency, the Clausius efficiency, and the efficiency ratio, taking 
the limiting conditions as at the throttle and the condenser outlet. 

45. ’’I’lie cylinder feed steam consumption computed as in Art. 500 ; the consump- 
tion tlius comjiuted but assuming x = 0.b0 at release, x = 1.00 at compiession. Com- 
pare with Broblem 43. 

46. Tim percentage of steam lost by leakage (all leakage occurring between the 
boiler and tlie engine); the transmissive efficiency ; the unaccounted-for losses. 

47. Tlie duty, the efficiency of the plant, and the boiler efficiency. 

48. The heat transfers and the lo.ss of heat by radiation, as in Art. 504, assuming 

1.00 at compression. Compare the latter with the unaccounted-for heat obtained 


so. Explain the meaning of the figure 2068.84 in Art. 503. 

51. Eevise Eig. 233, showing the arrangement of machineiy and piping if a sur- 
face condenser is used. 

52 . A locomotive w'eighing 2u0,000 lb. carries, normally, 60 per cent of its weight 
ou its drivers. The cylinders are 19"X26", the wheels 66" in diameter. What is 
the maximum boiler pressure that can be profitably utilized ? If the engine has a 
traction increaSer that may put 12,000 lb. additional weight on the drivers, what 
maximum boiler pressure may then be utilized ? 

53 . Kepresent Eig. 217 on the PV diagram. 

54 . Eind the steam consumption in lb. per Ihp.-hr. of an ideal engine working in 
the Clausius cycle between absolute pres.sures of 150 lb. and 2 lb., the steam contain- 
ing 2 per cent of moisture at the throttle. What is the thermal efficiency ? 

55 . What horse power will be given by the engine in Problem 10 if the ratio of 
expansion is made (a) 5, (5) 3 ? 

56 . If an engine use dry steam at 150 lb. absolute pressure, what change in 
efficiency occurs when the back pressure is reduced from 2 to | lb. absolute, if the 
ratio of expansion is 30 ? If the ratio of expansion is 100 ? 



CHAPTER XIV 

THE STEAM TURBINE 


512. The Turbine Principle. Figui’e 235 shows the method of using steam in 
a typical impulse turbine. The expanding nozzles discharge a jet of steam at liigh 
velocity and low pressure against 
the blades or buckets, the im- 
pulse of the steam causing ro- 
tation. We liave here, not 
expansio]] of high pressure steam 
against a piston, as in the ordi- 
nary engine, but utilization of 
the kinetic energy of a rapidly 
flowing stream to produce move- 
ment. One of the assumptions 
of Art. 11 can now no longer 
hold. All of the expansion oc- 
curs in the nozzle; the expansion 
produces velocity, the aeZociVy does La'val Turbina 

work, ihe lower the pressure 

at which the steam leaves the nozzle, the greater is tlie velocity attained. It will 
presently be shown that to fully utilize the energy of velocity, the buckets must 
themselves move at a speed proportionate to that of the steam. This involves ex- 
tremely high rotative speeds. 

The steps in the design of an impulse turbine are (a) determination 
of the velocity produced by expansion, (6) computation of the nozzle 
dimensions necessary to give the desired expansion, and (c) the propor- 
tioning of the buckets. 

513. Expansive Path. There is a gradual fall of pressure while the 
steam passes through the nozzle. With a given initial pressure, the pres- 




rate, approximate (exponential), or graphical. The results obtained are 
to include the effect of nozzle friction. 


514. The Turbine Cycle. Taking expansion in the turbine as adiabatic 
and as carried down to the condenser pressure, the cycle is that of Clausius, 
and is theoretically more efficient than that of any ordinary steam engine 
working tlirough the same range. The turbine is free from losses due to 
interchange of heat ivith the iccdls. The practical losses are four : 

(ft) Triction in the nozzles, causing a fall of temperature without the 
performance of work ; 

(b) Incomplete utilization of the kinetic energy by reason of the 
assumed blade angles and residual velocity of the emerging jet (Art. 528); 

(c) Triction along the buckets, increasing as some iDOwer of the stream 
speed ; 

(d) Mechanical friction of journals and gearing, and friction between 
steam and rotor as a whole. 


515. Heat Loss and Velocity. In Tig. 236, let a fluid flow adiabatically 
from the vessel ft through the frictionless orifice b. Let the internal en- 
ergy of the substance be e in a and E in b ; tlu>, 
velocities v and F; the pressures 2’ and P; and 
the specific volumes iv and IF. If the velocities 
could be ignored, as in previous computatioiis, 
the volume of each pound of fluid in ft would 
decrease by lu in passing out at the constant 
pressure and the volume of each pound of 
fluid in b would increase by IF at the constant 
pressure P. The net external Avork done Avould 
be PW—jnv, the net loss of internal energy e — E, and these two quan- 
tities Avould be equal. With appreciable velocity effects, we must also 
consider the kinetic energies in a and b ; these are 



Fig. S:!(). Art. .'il.'j. — Flow 
tlirou'>h Orifice. 




and 
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and Ave noAv have 


H=:TfI+ W+ V, 
(r+i)-f TF-f- v=o, 


Lot U, IT, JEt, and x, u, h, r, be the dryness, increase of vol- 
ume during vaporization, heat of liquid, and internal latent heat, at 
P W andj^w; respectively ; let s be the specific volume of water ; then 
for expansion of a vapor from pw to P W within the saturated region, 
77-2 

~ + s) “ P{XTJ -p s) + 7i + xr - IT- XR 

= q~ Q + s(p-P), 

in which q, Q represent total heats of wet vapor above 52 degrees. 
If expansion proceeds yrom the superheated to the saturated region, 

y-1 

in wliioli w = M 4- s is the volume of saturated steam at the pressure p, 
w is the volume of supei’heated steam, and 

pCw — ii) 
y-1 

is the iiiternal energy measured above saturation.* This also re- 
duces to q — Q s(^p — P), where q is the total heat in the super- 
heated steam, and the same form of 
expression will be found to apply to 
expansion wholly in the superheated 
region. The gain in kinetic energy 
of a jet due to adiabatic expansion to 
a lower pressure is thus equivalent to 
tlie decrease in the total heat of the 
steam plus tlie work which would be 
re(piired to forco the liquid back 
against the same pressure head. In 
Fig. 237, let ah, AB, CD, represent the three paths. Then tlie 
hwses of heat are represented by tlie areas dahe, deABc, deCDfc. 



Drop. 


resent the kinetic energy acquired, which may be written 


72 

2 ^ 




In the turbine nozzle, the initial velocity may also, without serious 
error, be regarded as negligible; whence 
72 


2 ^ 


=q-Q or 7 = -750103.2(0' -Q) =223M\/q~Q feet per second. 


516. Computation of Heat Drop. The value oi q — Q may be determined 
for an adiabatic path between stated limits from the entropy diagram, 
Fig. 175, or from the Mollier diagram. Fig. 177. Thus, from the last 
named, steam at 100 lb. absolute pressure and at 500° F. contains 1273 
B. t. u. per pound ; steam 85 per cent dry at 3 lb. absolute pressure 
contains 973 B. t. u. Steam at 150 lb. absolute pressure and 600° F. con- 
tains 1317 B. t. u. If it expand adiabatically to 2.5 lb. absolute pressure, 
its condition becomes 88 per cent dry, its heat contents 1000 B. t. u., and 
the velocity produced is 

223.84V317 = 3980 ft, per second. 


517. Vacuum and Superheat. The entropy diagram indicates the nota- 
ble gain due to high vacua and superheat. Comparing dry steam expanded 
from 150 lb. to 4 lb. absolute pressure with the same steam superheated 
to 600° and expanded to 2.5 lbs. absolute pressure, we find q — Q in the 
former case to be 248 B. t. u., and in the latter, 317 B. t. u. The corre- 
sponding values of 7 are 3530 and 3980 ft. per second. The turbine is 
peculiarly adapted to realize the advantages of wide ratios of expansion. 
These do not lead to an abnormally large cylinder, as in ordinary engines; 
the “toe” of the Clausius diagram. Fig. 184, is gained by allowing the 
steam to leave the nozzle at the condenser pressure. Superheat, also, is 
not utilized merely in overcoming cylinder condensation; it increases the 
available “ fall ” of heat, practically without diminution. 


518. Effect of Friction. If the steam emerging from the nozzle were brought 
back to rest in a closed chamber, the kinetic energy would be reconverted into 
heat, as in a wiredrawing juocess, and the expanded steam Avould become super- 
heated. Watkinson has, in fact, suggested this (1) as a method of superheating 
steam, the water being mechanically removed at the end of expansion, before re- 
conversion to heat besran. In the nozzle, in practice, the friction of the steam 



velocity imparted is 


223.84 Vg - Q. 

During expansion from p, v, q, to Pj, Y^, Qi, 
the velocity imparted is 



Fjg. 238. Art. 518. — AbiaTjatic 
Expansion with and without 
Friction. 


223.84 Vg-Qi. 

Since Vi exceeds V, the steam is more nearly 
dry at Pij i.e. Qi exceeds Q. The loss of 
energy due to the path pvq — PiViQi as 
compared with poq — PVQ, is 

~ Q,\~ 0,1 

in which is the difference of the squares of the velocities at Q and 
This gives = 50103.2 (Q, - Q). In Fig. 239, let XA be the adiabatic 

path, XX the modified path due to fric- 
tion. XZ represents a curve of constant 
total heat ; along this, no work would be 
done, but the heat would steadily lose its 
availability. As XX recedes from XA 
toward XZ, the work done during expan- 
sion decreases. Along XA, all of the heat 
lost (area FIIXA) is transformed into 
work; along XZ, no heat is lost and no 
work is done, the areas BFIIXC and 
PFZT) being equal. Along XX, the heat 
transformed into work is BFIIXC — BFXE ~ FIIXA — CAXE, less 
than that during adiabatic expansion by the amount of work converted 
back to heat. Considering expansion from X to Z, 

V = 223.84 = 0, 

since q = Qi- Hozzle friction decreases the heat drop, the final velocity 
attained, and the external work done. 



Fig. 239. Ai-t. HLS. — Expansive 
Path as Modiliwl by Friction. 


519. Allowance for Friction Loss. For the present, we will assume 
nozzle friction to reduce the heat drop by 10 per cent. In Fig. 240, which 
is an enlarged view of a portion of Fig. 177, let AB represent adiabatic 
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and draw the line of constant heat CD. 



Fig. 240. 


Arts, .'ll!), 524, .525, 5.'!2, 5;!4.- 
or the Turbine. 


HG 


N 

■The Steam Path 


Then D is the equivalent final 
state at the same pressure 
as that existing at B, and 
AC represents tive heat 
drop corrected for friction. 
Similarly by laying off 
AH 
10 

and drawing GE to inter- 
sect the 35-lb. pressure 
line, we find the point E 
on the path AD of the 
steam through the nozzle. 
'\Ve may use the new heat 
drop thus obtained in de- 
termining F; or generally, 
if m is the friction loss, 

F“ 


and F= 223.84 Vl 

If m = 0.10, F= 212.42 




(1 ~mXq-Q) 


m Vq — Q. 


520 . Analytical Relations, the iiiflaence of friction in dotermiiiing the final 
condition of the steam may be examined analytically. For example, let the initial 
condition be wet or dry; then friction will not ordinarily camse superheating, .so 
that the steam will remain saturated throughout expansion. Without friction, the 
final dryue.ss Xq would be given by tin* e([uaiion (Art. 392), 


Friction cau,ses a return to the steam of the ipiantity of heat 7n(q — Q). This in- 
creases the final dryne.ss by "fCy . making it 

+,«(,- Q) 

x„= 

'() 

If the initial condition is superheated to f.„ and the final condition saturated, 
adiabatic expansion would give 


t I 


q xJ, 



If the steam is superheated throughout exjiansion, we have for the final tem- 
perature Tg, without friction, 

^ + ^’0 2 ’* ’ 

in which the value of must be obtained by successive approximations. 


521. Rate of Flow. For a flow of G poundsper second atthe velocity F, when 

Q]Y 

tlie specific volume is TF, the necessary cross-sectional area of nozzle is F — 

The values of W and I' may be 
read or inferred from the heat 
chart or the formulas just given. 

In Fig. 241 (2), let ah represent 
frictionless adiabatic expansion 
on the 7''N plane, a'h' the same 
process on the PI' plane. By 
finding qa and values of Q at 
various p)oints along nh, we may 
obtain a .series of .successive 
values of F. Tlie correspond- 
ing values of TF being read from 
a chart or com2)uted, we plot the 
curve MN, representing the re- 
lation of specific volume and 
velocity throughout the expan- 
sion. Draw v/y parallel to OW, 
making Oij = G, to some con- 
venient scale. Draw any line OD from 0 to MN, intersecting yy' at Jc. From 

. . G W 

similar tiiangles, yk : yO : : On : nD, or yk = : 



Fig. 241. 


Art. .^)21. — Graphical Determination of 
Nozzle Area. 


:F. 


To find the pressure at any specified point on tlie nozzle, lay off yk = P, draw 
OkD, Dn, and project to the PT plane. The minimum A\alue of F is reached 
when DD is tangent to .IPY. ft becomes infinite wlien F= 0. The conclusion 
that iJiP croKs-seclinniil area of the nozzJn reaches a minimum at a certain stage in the 
expansion will be presently verified. 


522. Maximum Flow (2a). For a perfect gas, 

e — -JllfL. p — ^ 

V/ - 1’ " y -1 

If the initial velocity be negligible, we liaam, as the equation of flow (Art. 515), 


From Art. 521, 




y 



Taking the value of F at 



This reaches a maximum, for air, when P-^p = 0.5374 (3). The velocity is then 
equal to that of sound. For dry steam, on the assumption that y = 1.135, and 
that the above relations apply, the ratio for maximum flow is 0.577. 

Using the value just given for the ratio P p, with y = 1.402, the equation 

for G simplifies to \Yn 

G = 0.mFp\J^, 

tlie equation of flow of a permanent gas, which has been closely confirmed by 
experiment. With steam, the ratio of the specific heats is more variable, and the 
ratio of pressures has not been as well confirmed experimentally. Close approxi- 
mations have been made. Clarke (4), for example, shows maximum flow w'ith 
saturated steam to occur at an average ratio of 0.56. The pressure of maximum 
flow determines the minimum or throat diameter of the nozzde, which is independ- 
ent of the discharge pressure. The emerging velocity may be greater than that 
in the throat if the steam is allowed to further expand after passing the throat. 
The nozzle should in all cases continue beyond the throat, either straight or ex- 
panding, if the kinetic energy is all to be utilized in the direction of flow. 

In all cases, the steam velocity theoretically attained at the throat of the nozzle 
will be 1450 ft. per second. 

523 . Experiments. Many experiments have been made on the flow of fluids 
through -nozzles and orifices. Those of Jones and Rathbone (5), Rosenhain (6), 
Gutermuth (7), Napier (8), Rateau (9), Hall (10), Wilson (11), Kunhardt (12), 
Buchner (13), Kneass (14), Lewicki (15), Durley (16), and chiefly, perhaps, those 
of Stodola (17), should be studied. There is room for further advance in our 
knowledge of the friction losses in nozzles of various proportions. There are sev- 
eral methods of experimentation: the steam, after passing the orifice, may be con- 


than ttiroug'li an expanding nozzle (Fig. For pressures under 80 lb., 

with discharge into the atmosphere, the plain orihce is more efficient 
in producing velocity. For wider pressure ranges, a divergent 
nozzle is necessary to avoid deferred expansion occurring after 
emergence. Expansion should not, however, be carried to a pre-s- 
sure lower than that of discharge. The rate of flow, but not the 
emerging velocity, depends upon the shape of the inlet; a slightly 
rounded edge (Fig. 243) gives the greatest rate; a greater amount pjg. 242. Art. 
of rounding may be less desirable. The experimentally observed 523.— Diverg- 

critical pressure ratio , Art. 522^ ranges with various fluids Oiifice. 

from 0.50 to 0.85. Maximum flow occurs at the lower ratios with rather sharp 
corners at the entrance, and at the higher ratios when a long divergence occurs 
beyond the throat, as in Fig. 243. The “most efficient” 
nozzle will have different proportions for different pressure 
ranges. The pressure is, in general, greater at all points 
along the nozzle than theory would indicate, on account of 
Fig. 243. Arts. 523, fi-iction ; the excess is at first slight, but increases more and 
nmre rapidly during the passage. Most experiments have 
necessarily been made on very small orifices, discharging to 
the atmosphere. The friction losses in larger orifices are probably less. The 
experimental method should include at least two of the measurements above 
mentioned, these checking each otlier. The theory of the action in the nozzle 
has been presented by Heck (18). Zeuner (10) has discn.ssed the flow of gases to 
and from the atmosphere (20), both under adiabatic and actual conditions, and 
. the efflux of gases in general through orifices and long pipes. 
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524. Types of Turbine. Tlie single stage impulse turbine of Fig. 
235 is that of Do Laval. Its action is illustrated in Fig. 244. The 
pressure falls in the nozzle, and remains 

PRE SSURES 

constant in the buckets. The Curtis and 

Kateau turbines 
use a series of 
wheels, with ex- 
panding nozzles 
between the va- 
rious series (Figs. 

245, 246). The steam is only partially ex- 
panded in each nozzle, nntil it reaches the 





Fig. 244. 


Art. 524.- 
Turbhie. 


-De Laval 


Fig 


245. Art. 524. — Curtis 
Turbine. 
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steam passes successively through the stationary guide vanes (x, 

and movable wheel buckets, TT, Fig. 247. 
A gradual fall of pressure occurs, the buck- 
ets being at all times full of steam. In 
impulse turbines, the buckets need not be 
full of steam, and the pressure drop occurs 
in the nozzle only. 

A lower rotative speed results from the 
use of several pressure stages with expanding nozzles. Let the 
total heat drop of 317 B. t. u., in Art. 

516, be divided into three stages by three 
sets of nozzles. The exit velocity from 
each nozzle, corrected for friction, is 


Fig. 246. Art. 524. 

Turbine. 


• Rateau 


nnxiTau 




laccccccfl 



Fig. 247. 


Arts. 524, 633.- 
Turbine. 


•Parsons 


then 212. 42 V^'— Q= 2180 ft. per sec- 
ond, instead of 3980 ft. per second; lay- 
ing off in Fig. 240 the three equal heat 
drops, we find that the nozzles expand between 150 and 50, 50 and 
13, and 13 and 2.5 lb. respectively. The rotative speeds of the wheels 
(proportional to the 'emerging velocities), Art. 528, are thus reduced. 


525. Nozzle Proportions; Volumes. The specific volume W of the 
steam at any point along the path AD, Fig. 240, having been obtained 
from inspection of the entropy chart, or from the equation of condition, 
and the velocity V at the same point having been computed from the 

heat drop, the cross-sectional area of the nozzle, in square feet, is F = 

(Art. 521). Finding values of F for various points along the expansive 
path, we may plot the nozzle as in Fig. 243, making the horizontal inter- 
vals, ab, be, cd, etc., such that the angle between the diverging sides is 
about 10°, following standard practice.* It has been shown that F reaches 
a minimum value when the pressure is about 0.57 of the initial pres- 
sure, and then increases as the pressure falls further. If the lowest 
pressure exceeds 0.57 of the initial pressure, the nozzle converges toward 
tlie outlet. Otherwise, the nozzle converges and afterwards expands, as 
in Fig. 243. Let, in such case, o be the minimum diameter, 0 the outlet 
diameter, D the length between these diameters ; then for an angle of 



of steam is / <8(5'— Q) foot-pounds. Since 1 horse power = 1,980,000 
foot-pounds per hour, the steam consumption per hp.-hr. is theoreti- 
cally 1,980,000 -r- 778(2' — ^) = 2545 ^ (g- — ^ 

cieiicy ratio of the turbine, from steam to buckets, and e the 
efficiency from steam to shaft, then the actual steam consumption 
per indicated horse power is 2545-r-^(2— $), and per brake horse 
power is 2545 -i- e(jq — Q') pounds. The modifying influences of nozzle 
and bucket friction in determining JE are still to be considered. 


527. Relative Velocities. In Fig. 248, let a jet of steam sti-ike 
the bucket A at the velocity v, the bucket itself moving at the speed 


u. The velocity of the steam rela- 
tive to the bucket is then repre- 
sented in magnitude and direction 
by V. The angles a and e made 
with the plane of rotation of the 
bucket wheel are called the absolute 
entering and relative entering angles 
respectively. Analytically, sin e = v 
sin a -i- V. The stream traverses 


o 



Fig. 248. Art. 527. — Velocity Diagram. 


tlie surface of the bucket, leaving it Avith the relative velocity a;', 
which for convenience is draAvn as x from the point 0. Without 



Fig. 24i). Arts. 527, 532, 534. — Velocity 
Corrected for Friction. 


bucket friction, x = K The 
angle / is the relative angle of 
exit. Laying off u, from 2 , we 
find Y as the absolute exit ve- 
locity, Avith gr as the absolute 
angle of exit. Then, if a; = L, 
siny = Y sinf-h Y. 

To include the effect of nozzle 
and bucket friction, Ave proceed 
as ill Fig. 249, decreasing v to 
Vl — m of its original A'alue 


Z' A -pf Q'X nn/-1 rvAolrimrY' /v« lc»cia -f Tv n n I/" Ivtr fT»r\lvv “hn 9.0 TVCir POllf 



Fig. 250. Art.s. 528, .529.— 
Rotativo and Tlirusfc 
(Jompoiieats. 


velocities v taiid Y may be resolved into components ah and dh in the 
direction of rotation, and ac and de at riglit 
angles to this direction. The former compo- 
nents are those whieli move the wheel ; the lat- 
ter produce an end thrust on the shaft. Now 
ah hd (ltd being negative) is tlie change in 
velocity of the fluid in the direction of rotation ; 
it is the acceleration ; tlie force exerted per 
2 Jou}id is then 

+ hd) -T- (jf =()ah -|- hd) -i- ?)“2.2 

= (u cos a -P Y cos g) 32.2. 

This force is exerted tlirougli tlie distance u 
feet per second ; tlie worh done j/.nT pound of steam is tlien. 
u(v cos a+ ycos g)-i- 32.2 foot-pounds. This, from Art. 526, equals 
IIS JS Qq — Q) whence 

E— u(v cos a + Y cos^) -r- 25051.0(5' — 

The efficiency is thus directl}'- related to tlie bucket angles. 

To avoid splashing, the entrance angle of the bucket is usually 
made equal to the relative entering angle of the jet, as in Fig, 251, 
(These formulas hold only when the sides of the 
buckets are enclosed to prevent the lateral 
spreading of the stream.) In actual turbines, 
hd (Fig. 250) is often not negative, on account 
of the extreme reversal of direction that would 
be necessary. With positive values of hd, tlie 
maximum work is obtained as its value aji- 
proaches zero, and ultimately it is uv cos a -=-32. 2. 

Since the kinetic energy of the jet is — , the 

efficiency E from steam to buckets then becomes 



Fig. 2.51. Art. .528.— 
Velocities and Bucket 
Aiiiifles. 


o 

2 - cos a. 


In designing, we may either select an exit bucket angle 


for a zero retardation by friction. Witii frictio]i considered, the 
angle of exit in Fig. 251, must be greater than the entering an- 
gle e. In any case, where end thrust is to be eliminated, the rota- 
tive component of the absolute exit velocity must be so adjusted as 
to have a detrimental effect on the economy. 


529. Effect of Stream Direction on Efficiency. Let the stream strike 
tlie bucket in the direction of rotation, so that the angle a =0, Fig. 250, 
tlie relative exit velocity being perpeiiclicular 
to the plane of the wheel. The work done is 

, while the kinetic energy is—- The 
1 / _ 

efficiency, becomes a maximum at 


v 


0.50 when u 


AVith a ciip-shaped vane, as 


in the Felton wheel, Fig. 252, complete reversal 
of the jet occuu\s; the absolute exit velocity, 
ignoring friction, is v — 2u. The change in 
velocity is 'o -)- v — 2 u = 2(7; ~ (c), and the work 



Fig. 2r;2. Arts. ^20, uCG. — Pel- 
ton Bucket. 


is 2 n(v— n) g, whence the efficiency, becomes a maximum 

at 100 per cent wdien u = Complete reversal in turbine buckets is im- 
practicable. 


530 . Single-Stage Impulse Turbine, 
ing the buckets is computed from the hen 



Tlie absolute velocity of .steam enter- 
drop and nozzle friction lo.s.ses. In a 
turbine of this type, the speed of the 
buckets can scarcely be made equal 
to half that of the steam; a mon; 
usual proportion is O.-J. The velocity 
ic thii.s .seldom exceed.s 1-100 ft. per 
second. Fixing the bucket .speed and 
the ab.solute entering angle of the 
steam (>isnally g(F) we determine 
graphically the entering angle of the 
bucket. The bucket may now be de- 
.sigiifd with eipial angles, which would 
eliminate end thrmst if then^ were nn 


_ - 1 



Fig. 234. Art. 531. — Curtis Turbiue. ((jcjiornl Kloctric Company.) 


h() lu.'ulo ('(|ual to 0.2 
tiiiHis tlio widtli kl. 
TIi(i biu'.kc'.t as thus 
drawn is to a scalo as 
yot undid.ormiiied; 
th(^ widths hi vary in 
prac.ti(‘.(i from 0.2 to 
1.0 inch. (I'or iistndy 
of steam traj(H:tori(!H 
and the relation there- 
of to biuiket design, 
see Roe, iStccun Tur- 
bines, 1011.) 

It should bo noted 
that the hark, rather 
than the front, of the 
bucket is made tan- 
gent to th(^ relative 
velocity V. Tlu'. work 
per pound of sti'am 
being computed from 
the velocity diagram, 
and tlio st(!am eon- 
sum] itlon estimated 
for the assumed out- 
])ut, we are now in a 
position to design the 
nozzle. 

531. Multi-stage 
Impulse Turbine. If 
the number of jires- 
sure stages is few, as 
in the Curtis tyjie, the 
heat dro]) may be di- 
vided equally between 
the stages. In the 
Rateau tyjie, with a 
large number of 
stages, a proportion- 


ately greater heat drop 

occurs in the low-pressure stages. The corresponding intermediate pressures are 
determined from the heat diagram, and the various stages arc then designed as 




entrance angles of the fixed intermediate blades in the Curtis turbine are equal to 
those of the absolute exit velocities of the steam. Their exit angles may be 
adjusted as desired; they may be equal to the entrance angles if the latter arc not 
too acute. The greater the number of pressure stages, the lower is the economical 
limit of circumferential speed; and if the number of revolutions is fixed, the smaller 
will be the wheel. Figure 254 shows a form of Curtis turbine, with five pressure 
stages, each containing two rows of moving buckets. The electric generator is at 
the top. 

532 . Problem. Preliminary Calculations for a Multi-stage Impulse Turldne. 
To design a 1000 (brake) hp. impulse turbine with tliree ine.ssure stages, having 
two moving wheels in each j^ressure stage. Initial 2 ’''es.sure, 150 lb. absolute; 
temperature, 600” F. ; final jii'essure, 2 lb. absolute ; entering stream angles, 20° ; 
peripheral velocity, 500 ft. per second ; 1200 revolutions iier minute. 

By reproducing as in Fig. 240 a portion of the hi oilier heat chart, w’e obtain 
the expansive jiath AB, and the heat drop is 131G.6 — 987.5 = 829.1 B. t. u. Divid- 
ing this into three equal parts, the heat dro^:) per stage becomes 329.1 h- 3 = 109.7 
B. t. u. This is without correction for friction, and we may exjiect a somewhat 
unequal division to appear as friction is considered. To include friction in deter- 
mining the change of condition during flow through the nozzle, we lay off, in Fig. 

240, AH = 109.7, II G = and project GE, finding p = 50, t = 380°, at the out- 
lets of the first set of nozzles. The velocity attained (with 10 per cent loss of 
available heat by friction) is u = 212.42 VTOOTT = 2225 ft. per second. 




will make x = 0.9 V. For the second wlieel, the angle a' is again 20°, while v', on 
account of friction along the stationary or guide blades, is 0.9 Y. After locating 
F', if the angles e' and /' were made equal, there would in some cases be a back- 
w'ard impulse upon the wheel, tending to stop it, at the emergence of the jet along 
Y'. On the other hand, if the angle/' were made too acute, the stream would be 
unable to get away from the moving buckets. With the particular angles and 
velocities chosen, some backward impulse is inevitable. We will limit it by mak- 
ing/' = 30°. The rotative components of the absolute velocities may be computed 
as follows, the values being checked as noted from the complete graphical solution 
of Fig. 255 : 

ab=v cos 20° = 2225 x 0.93909 = 2090.81. (2080) 

cd = cz-dz = 0.9 Fcos/- u = 0.9 Fcos e - u = 0.9(2000.81 - 500) - 500 = 931.73. 

(925) 

e/=e^cos20°= 0.0 eg* = Q.O x 1158 x 0.93i)09 = 979. (975) 

kl = hn — Im = 500 — x' cos 30° = 500 — 0.9 V' cos 30° 

= 500 - (0.9 X 50G.2 f x 0.80603) = 30. 


The work per pound of steam is then 


td) + cd -h _e/- 
3±2 


kl 


3900 X 500 


= 01.500 


32.2 

foot-pounds, in the lirst stage. This is equivalent to 61,500 778 ;= 79.2 B. t. u. 

The heat drop assumed for this stage was l()i).7 H. t. u. The lieat not converted 
into work exists as residual velocity or lias been expended in overcoming nozzle 
and bucket friction and thus indirectly in superheating the steam. It amounts 


to 109.7 - 79.2 = 80.5 B. t. u. 

Returning to the construction of Fig. 240, we lay off in Fig. 256 a?i = 79.2 
B. t. u. and project no to ko, finding the condition of the steam after passing the 
first stage buclcets. Bucket friction has jnoved the .state j)oint from ?« to o, at 
which latter point Q = 1237.2, p = 50, t = 414°. This is the condition of the steam 
which is to enter the second set of nozzles. These nozzles are to expand the steam 
down to that pressure at which the ideal (adiabatic) heat drop from the initial 
condition is 2 x 109.7 = 219.4 B. t. u. Lay off ae = 219.4, and find the line eg of 
12 lb. absolute pressure. Drawing the adiabatic op to intersect eg, we find the 
heat drop for the second stage, without friction, to be 1237.2 — 1120 = 117.2 B. t. u,, 
giving a velocity of 212.42 V117.2 = 2299.60 ft. per second. 


* To find eg, we have 

ch ■= Fcos e = 2090.81 — 500 = 1500.81, 6 j = v sin a = 2225 x 0.34202 = 760.99, 

F = + ■^IGOim- + 7602)0^ = 1705, rr = 0.9 F= 0.9 x 1765 = 1588,5, 

c/i = *sm/= 1588.5.shie = 1.588.5^= 1588.51^^^^ = 685, 

_____ F 1765 ’ 

eg = v'^'^ 4 . 7 ,:/ = + 931773^ = 1158. 


lowing tne method or I'lg. Joo. i his gives ror the rotative components, a& = 2160.97, 
cd = 994.87, ef = 1032.59, Jd = 8.06. (There is no backward impulse from kl in 
this case.) The work per pound of steam is 


500 (2160.97 + 994.87 + 1032.59 + 8.06) 
32.2 


65,163 foot-pounds, 


or 83.76 B. t. u. Of the available heat drop, 117.2 B. t. u., 33.44 have been ex- 
pended in friction, etc. Laying off, in Fig. 256, pq = 83.44, and projecting qr to 
meet pr, we have r as the state point 
for steam entering the third set of nozzles. 

Here p = 12, =223°, Q'l =1153.44. In 

expanding to the final condenser pressure, 
the ideal path is rs, terminating at 2 lb. 
absolute, and giving an uncorrected heat 
drop of Qr-Qs = 1153 .44 -1039 = 114.44 
B. t. u.' The velocity attained is 
212.42^114.44 = 2271 .83' feet per second. 

A third velocity diagram shows the 
work per pound of steam for this 
stage to be 63,823 foot-pounds, or 82.04 
B.t. u. We are not at present con- 
cerned with determining the condition 
of the steam at its exit from the third 
stage. 

The whole work obtained from a 
pound of steam passing through the three 
stages is then 79.2-1-83.76-1-82.04 = 245.0 
B. t. u. (20a). The horse power required 
is 1000 at the brake or say 1000-^0.8 = 



Fig. 256. Art. 532. — Steam Path, Multi- 
stage Turbine. 


1250 hp. at the buckets. 


1980000 

This is equivalent to 1250X — rzr — -=3,181,250 B. t. u. 


778 


per hour. The pounds of steam necessary per hour are 3,181,250-1-245.0 = 12,974. 
This is equivalent to 12.97 lb. per brake hp.-hr., a. result suflBciently well confirmed 
by the test results given in Chapter XV. 

GW 

Proceeding now to the nozzle design, we adopt the formula ^ = - 77 “ from Art. 


V 


521. It will be sufficiently accurate to compute cross-sectional areas at throats 
and outlets only. The path of the steam, in Fig. 256, is as follows: through the 
firot set of nozzles, along am] through the corresponding buckets, along mo] thepce 
alternately through nozzles and buckets along ou, ur, rv, vt. The points u, v, etc., 
are found as in Fig. 240. It is not necessary to plot accurately the whole of the 
paths am, ou, rv] but the condition of the steam must be determined, for each 
nozzle, at that point at which the pressure is 0.57 the initial pressure (Art. 522). 
T>io ihrao ini+i.nl nrpssnrp.t! nrp 1 .50. .50. .urd 12: the cnrrft.snnndina' throat, nm=;.s77rp.s! 


other nozzles. We thus find, 


at y, p = 85.5, t = 4:74°, 
q = 1260.5 ; 

at A,p = 28.5, t = 313°, 
q = 1102 ; 

a,t B, p = 6.84, X = 0.9835, 
y = 1118; 


at 771, p = 50, t = 380°, 
q= 1217.87; 
at u, p = 12, X = 0.989, 
q= 1131.72; 
at V, p =: 2, X = 0.932, 
q = 1050.44. 


We now tabulate the corresponding velocities and specific volumes, as below. 
The former are obtained by taking V= 223.84\/5i-g2; thelatter are computed from 

T 

the Tumlirz formula, W = 0.5963 — — 0.256. Thirs, at the throat of the first nozzle, 

V = 223.84 V1316.6 - 1260.5 = 1683 ; while W = 0.5963 - 0.256 = 6.26. 

85.5 

In the wet region, the Tumlirz formula is used to obtain the volume of drij 
steam at the stated pressure and the tabular corresponding temperatui’e ; this is 
applied to the wet vapor : TT’,„ = 0.017 + x(^ Wq — 0.017). The tabulation follows. 

At y, V= 1683, W = 6.26 ; at ?«, V = 2225, W = 9.724 : 

at A V= 1507, W = 15.92 ; at w, 2299, W= 32.24; 

atB, V= 1330, IV = 53.92 ; atv, V= 2271, fV = 162.02. 


The value of G, the weight of steam flowing per second, is 12,974 -h- 3600 = 3.604 lb. 
For reasonable |)roiiortions, we will assume the number of nozzles to be 16 in the 
first stage, 42 in the second, and 180 in the third. The values of G per nozzle for 
the succes.sive stages are then 3.604 — 16 = 0.22525, 3.604 42 = 0.08581 and 

3.004 -i- 180 = 0.02002. We find values of F as follows : 


Aty, 

0.22525 X 6.26 ^ Q QQQggg 

at w. 

O.O 808 I X 32.24 _ 0 001205 

1683 


2299 

at m, 

0.22o25 X 9.724 _ q_ooo989 ; 

at B, 

0.02002 X 53.92 _ 0.000809 

2225 


1330 

at A, 

O.O 808 I X 1^-62 _ Q_QQQ9Q3 

at V, 

0.02002 X 162.62 _ 

1507 


2271 


Completing the computation as to the last set of nozzles only, the throat 
area is 0.000809 sq. ft., that at the outlet being 0.00144 sq. ft. These corre- 
spond to diameters of 0.385 and 
0.515 in. The taper may be uniform 
from throat to outlet, the sides mak- 
ing an angle of 10°. This requires 
a length from throat to outlet of 
(0.515 - 0.385) ^ 2 tan 5° = 0.742 in. 
The length from inlet to throat may 
be one fourth this, or 0.186 in., the 
edge of the inlet being rounded. 

nrino nrv'T'yln to i TTirr 



stage, we proceed as in Art. 530, using the relatice anrjlese and f given in Fig. 25)5 
for determining the angles of the backs of the moving blades, and tlie ahsolnle 
angles for determining those of the stationary blades. 


533. Utilization of Pressure Energy. Besides the energy of inipulso 
against the wheel, unaccompanied by changes in pressure, the steam may 
expand while traversing the buckets, producing work by reaction. This 
involves incomplete expansion in the nozzle, and makes the velocities of 
the discharged jets much less than in a pure impulse turbine. Tjower 
rotative speeds are therefore practicable. Loss of efficiency is avoiihul by 
carrying the ultimate expansion down to the condenser pressure. In tin*, 
pure pressure turbine of Parsons, there are no expanding nozzles ; all of 
the expansion occurs in the buckets (Art. 524). (See Fig. 247.) Jlero 
the whole useful effort is produced by the reaction of the expanding steam 
as it emerges from the working blades to the guide blades. FTo velocity is 
given up daring the passage of the steam ; the velocity is, in fact, increasing, 
hence the name reaction turbine. The impulse turbine, on the contrary, 
performs work solely because of the force with which the swiftly moving 
jet strikes the vane. It is sometimes called the velocity turbine. Tn rbi ncs 
are further classified as horizontal or vertical, according to the. jjosition of 
the shaft, and as radial flow or axial flow, according to the location of the 
successive rows of buckets. Most pressure turbines are of the axial flow 
type. 


534. Design of Pressure Turbine. The number of stages is now largo. Thc^ 
heat drop in any stage is so small that the entering velocity is no longer negligible. 
The velocity of the steam will increase continually throughout the machine, being 
augmented by expansion more rapidly than it is decreased by friction. ]f tin, 
effective velocity at entrance to a row of moving blades is Tb, increasing to Vi l>y 
reason of expansion occurring in the blades, the energy of reaction, available? for 


performing work, is 


■Fd 




The effective velocity entering the stationary bladc.s 


being Fs, and increasing to Vi by expansion therein, energy is produced equal to 
F4--F32 

— , which is given up to the following set of moving blades, in the shape of an 

impulse. Each moving blade thus receives an impulse at its entrance end and a 
reaction at its outlet end. By making the forms and angles of fixed and moving 
blades the same, the work done by impulse equals the work done by reaction, or 


Fd-Fd _ Fd-F3== 

2cj 


first drum is 130 ft. per sec., and that 
A of the last drum 350 ft. per sec. The 
g usual plan is to increase the successive 
s drum speeds at constant ratio. This 

0 makes the speeds of the blades on the 
s intermediate drums 181 and 251 ft. per 

1 sec., respectively. 

4 The steam velocity will be usually 
between 1| and 3 times the blade ve- 
^ locity: it Avill increase more rapidly as 
iG. 259. Art. 534, Piob. 17.— Design of lower pressures are reached. The 
Pressure Turbine. , ,. , u ,, 

value of this ratio should vary between 

about the same limits for each drum. 

The curve EA is sketched to represent steam velocities assumed : the ordinate 
FE may be 130X2 = 260 ft. per second, and the ordinate OA say 973 ft. per sec. 
The shape of this curve is a])proximately hyperbolic. 

It is now desirable to lay off on the axis FO distances representing approximately 
the lengths of the various drums. An emiiirical formula which facilitates this is 



where n =number of rows of blades when the blade speed is u ft. per sec., 

C=a constant, =1,500,000 for marine turbines, =2,600,000 for turbo-generators. 
l^Tien (as in our case) u is different for different drums, we have 


th being the number of stages on a drum of blade velocity Ui, developing the s pro- 
portion of the total power. The power developed by the successive drums increases 
toward the exhaust end: let the division in this case bo «, n, ], f, of the total respect- 
ively. Then for C = 2,600,000, 


ni = 


2,600,000^,1 
1302 ^6 


712 = 


1812 


1 

2512 ^4 


ni = 


2,600, 000 

3502 



8 . 


The total number of stages is then approximatel}'- 60. The distances FC, CD, DB, 
BO, are then laid off, equal respectively to ii)', •«§ and wo of FO. At any point 
like G, then, the steam velocity is ZG and the blade velocity is that for the drum 
in question: for G, for example, it is 181 ft. per sec. 



, u(ah+he) ad{hc + hd) 

32.2 ” 325 ^- 

Drop the perpendicular hh, and with h as 
a center describe the arc aj. Draw dg per- 
pendicular to ac. Then 

dg^ = adX.dc = ad{dh-{-hc), and 
Vfork = ^^iooi-i)omids, or B. t. u. 

This result represents the heat converted 



Fig. 260 . Art. 534, Prob. 18. — Velocity 
Diagram, Pressure Turbine. 


into work at a stage located vertically in 

line with the point G, Fig. 259. Let this heat be laid off to some convenient 
scale, as GH. Similar determinations for other states give the heat drop curve 
IJKHLMNOP. The average ordinate of this curve is the average heat drop or 


work done per stage. If we divide the total heat drop obtained by the average 
drop per stage, we have the nuDiber of stages, the nearest whole number being taken.* 
Suppose the machine to he required to drive a 2000 kw. generator (2400 kw. overload 
capacity) at 175 lb. initial absolute pressure and 50° of superheat, the condenser pressure 
being 1 lb. absolute, the r. p. m. 3600, the generator efidency 0.94 and the losses as follows: 
steam friction, 0.25; leakage, 0.06; windage and hearings, 0.16; residual velocity in 
exhaust, 0.03. The theoretical heat drop is 1227-890=337 B. t. u. The drop 
corrected for steam friction is 337X0.75 =253 B. t. u. The average ordinate of the 
heat drop curve in Fig. 259 being 4.16 B. t. u., the corrected number of stages is 


— =61 (nearest whole number) instead of 60. The ciuve of heat drops may now 
4.16 

be corrected for the necessary revised numbers of stages in the various drums: thus, 

253 

the whole heat drop being 253 B. t. u., that in the fii’st drum must be g —42.2 


B "t. u. The average heat drop per stage for the first drum being (average ordinate 

42.2 

of IJ) 1.56 B. t. u., the number of stages on that drum is ^^=27 (instead of 26). 

For the other drums, proceeding in the same way, the numbers of stages work out 

as before, 16, 10 and 8. . i -i 

The aggregate of losses exclusive of steam friction is 0.25. The heat available 
for producing power is then 253X0.75 = 190 B. t. u. per lb. of steam. With the 
given generator efficiency, the weight of steam required per kw.-hr. is 


2 545X1.3 4 

190X0.94 


19.0. 


* DiYiding the total heat drop at a state in a vertical fine through Cby the average 
drop per stage from F to G, we have the number of stages on the first drum. 
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535. Specimen Case. To determine the general characteristics of a pressure 
turbine operating between pressures of 100 and 3.5 lb., with an initial superheat 
of 300° F., the heat drop being reduced 25 per cent by friction. There are to he 
3 drums, and the heat drop is to be equally divided between the drums. The per- 
ipheral speeds of the successive drums are 160, 240, 320 ft. per second. The rela- 
tive entrance and ab.solute exit velocities and angles are equal; the absolute entrance 
angle is 20°. The turbine makes 3000 r. p. m. and develops 2500 kw. with losses 
between buckets and generator output of 65 per cent. 


ENTROPY 



In Fig. 260 a, the expansive path is plotted on a portion of the total heat- 
entropy diagram. The total heat drop is shown to be 1342 - 1130 = 212 B. t. n., 



Fig. 260 b. Art. 535. — Elements of Pressure Turbine. 


of entrance absolute velocities is now assumed, so as to lie wholly within the area 
Hmt/mijowinx. Figure 200 c- shows the es.sentiiil parts of the velocity diagram 
for the stages on the first drum. Here ah represents in Fig. 200 b, ad represents 

ai>, the angle had is 20°, and B. t. u. is the heat drop 

for the first stage in tlie turbine. Making ac represent bi/ and drawing dt\ ch, af, 

we find i —■L-Y' — ) — 3.70 B. t. u. as the heat drop for the last stage on 

\1;")8.3/ \15H.3/ 

the first drum. For intermediate stages between these two, we find, 


InITI.M. ,\HS01,ITTE 
Vm.oriTY 

Ordinate from 
d 

Heat Drop, 

] 5 . T. u. 

ah = 350 

de = 279.7 

3.12 

356:]- 

282.8 

3.20 

3021 

285.0 

3.26 

n n n ■> 


a p.i 





any convenient vertical scale the heat drops ]usu louiia, oocaining tne neai nic 
curve zA. The average ordinate of this curve is 3.41 and the number of stages c 
the first drum is 70| 3.41 = 21 (nearest whole number) . The number of stagi 



Fig. 260c. Art. .’IS.’j. — Velocity Diagram, Pressure Turbine. 


on the other drums is found in the same way, the peripheral velocity ad, Fi 
260 c, being difEerent for the different drums. The diameter d of the first drum 
given by the expression 

3000 . 60 X 160 or d - “ 1-02 


izz, ine ariun punpiicTy is 


J.1 Miu UIUUU blXiUIVlitfOOUii) UUViUpj 


i this I)eriphcry and tlie width for steam passage between the buckets is constant, 
the width for passage of steam is §X3.2 = 2.133 ft., and the necessary height of fixed 

111 ' 113 

buckets is = 0.434 ft. or 5.2 in. at the beginning of the stage and " 

2.133 X 130 /.ioo X 

= 0.434 ft. or 5.2 in. at the end. The fixed blade angles are determined by the 
velocities be and ab, Fig. 260; those of the moving blades by hd and be. There is 
no serious exTor involved in taking the velocity and siiecific volume as constant 
throughout a blade. The height of the moving buckets should of course not be less 
than that of the guide blades; this may be accom]xlished by increasing the thick- 
ness of the former. The blade heights should be at least 3 per cent of the drum 
diameter, if excessive leakage over tips is to be avoided. The clearance over tips 
varies from O.OOS to 0.01 inch per foot of drum diameter. Blade widths vary from 
I to IJ in., with center-to-center spacing from 1-J to 4 ins. 

The method of laying out the blades is suggested in Fig. 260 d. Let ab be the 
absolute steam velocity at entrance to a row of moving blades, ch the blade velocity. 
Then the relative velocity ac determines the enter- 
ing angles at c and e. The moving blade is made 
with a long straight tapering tail, in which expan- 
sion occurs after the steam passes the point r. Let 
hj, parallel with the center line of the exjianding 

portion of the blade (fg), represent the velocity Jp^ 

attahxed at the outlet of this blade, and let jk again ri 

repi’esent the blade velocity. Then hk repi’esents BLADES 

the absolute velocity of exit and determines the 

entering angles of the following fixed blades, on and , /C 

ml being parallel with hk. Finally, since the steam / blades 

must emerge from the fixed blades with a velocity / / 

parallel with ab, we draw pq parallel with ah, ° m 

determining the direction of the expanding posi- Fig. 2G0d. Art. 535. — Blading 
tion (beyond s) of the fixed blade. The angles abc of Pressure Turbine, 

and hjk are made equal, and range between 20° 
and 30°. 

It should be noted that the velocities indicated by the curve qr. Fig. 260 b, are 
those of the steam at exit from the fixed blades and entrance to the moving blades. 
The diagram of Fig. 260 gives i he absolute velocity of the steam entering the next set 
of fixed blades. 

Commercial Forms of Turbine. 


FIXED BLADES 


Fxg. 2G0d. Art. 535. — Blading 
of Pressure Turbine. 


536. De Laval; Stumpf. Figure 235 illustrxxtcs the principle of the De Laval 
machine, the working parts of which are shown in Fig. 261. Entering through 
divergent nozzles, the steam strikes the buckets around the periphery of the wheel 
b. The shaft c transmits jxower through the helical jxinions a, a, which drive the 
gears e, e, e, e, on the worldng shafts /, /. The wheel is housed with the iron cas- 









ties of 2000 and 4400 feet per second, respectively ; in practice, these speeds are 
not attained, u ranging from 500 to 1400 feet per second, according to tlie size. 
The high rotative speeds require the use of gearing for most applications. The 
lielical gears used are quiet, and being cut right- and left-hand resj^ectively they 
practically eliminate end thrust on the shaft. The speed is usually reduced in the 
proportion of 1 to 10. The high rotative speeds also pi-event satisfactory baiaiic- 
ing, and the shaft is, therefore, made flexible ; for a 5-hp. turbine, it is only | 
inch in diameter. The bearings Zi, y are also arranged so as to permit of some 
movement. The pressure of steam in the wheel case is that of the atmosphere or 
condenser, all expansion occurring in the nozzle. A centrifugal governor controls 
the speed by throttling the steam supply and by opening communication between 
the wheel case and atmosphere when necessary. 

The nozzles of the De Laval turbine are located as in Fig. 2-35. Those of the 
Stumpf, another turbine of this class, are tangential, while the buckets are of the 
Pelfcon form (Fig. 252), and are milled in tlie peripheiy of tlie wheel. A very 
large wheel is employed, the rotative speeds being thus reduced. In a late form 
of the Stumpf machine, a second stage is added. The reversals of direction are so 
exkeme that the fluid friction must be excessive. 


537. Curtis Turbine. This is a multi-stage impulse turbine, the principle of 
operation having been shown in Fig, 245. In most cases, it is vertical ; for marine 



applications, it is necessarily made 
horizontal. Figure 202 illustrates 
the stationary and moving blades 
and nozzles. Steam enters through 
the nozzle A, strikes a row of mov- 
ing vanes at a, passes from them 
through stationary vanes B to 
another row of moving vanes at e, 
then passes through a second set 
of expanding nozzles at h to the 
next pressure stage. This particu- 
lar machine has four luessure 
stages with two sets of moving 
buckets in each stage. The direc- 
tion of flow is axial. Ihe number 
of pressure stages may range from 
two to seven. From two to four 
velocity stages (rows of moving 
buckets) are used in eacli pressure 
stage. In the two-stage machine, 
the second stage is disconnected 
whpn tnvhinp. runs nori-con- 
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by automatically varying the number of nozzles in use for admitting steam to the 
first stage. A step bearing carries the whole weight of the machine, and must be 
supplied with lubricant under heavy pressure ; an hydraulic accumulator system is 
commonly employed. 

538 . Rateau Turbine. This is a horizontal, axial flow, multi-stage impulse 
turbine. The number of pressure stages is very large — from twenty-five upward. 
There is one velocity stage in each pressure stage. Very low speeds are, therefore, 
possible. Figure 2n:3 shows the general arrangement; the tranverse partitions p., e 
form cells, in which revolve the wdieofis /, /; the nozzles are merely slots in the 
X^artitions. The blades are x^ressed out of sheet steel and riveted to the wheel. 
The wheels themselves are of thin x^ressed steel. 



Tig. 2(53. Art. 538. — liatcau Turbine. 


539 . Westingliouse-Parsons Turbine. Tins is of the axial flow pressure type, 
and horizontal. Tlie steam expands through a large number of successive fixed 
and moving blades. In Fig. 2(i-l, the steam enters at A and x^asses along the vari- 
ous blades toward the left; the movable buckets are mounted on the three drums, 
and the fixed buckets x^roject inward from the casings. The diameters of the 
drums increa.se by stexis ; the increasing volume of the steam within any section is 
accommodated by varying the bucket heights. The balance pistons P, P, P are 
used to counteract end thrust. The sxx;ed is fairly high, and special xn’ovision 
must be made for it in the design of the bearings. Governing is effected by inter- 
mittently opening the valve 1”; this valve is W'ide oxien whenever oxien at all. 



Fig. 2(ii. Art. 539. — Westinghouse-Parsons Turbine. 







540. Applications of Turbines. Turbo-locomotives have been experimented 
with in Germany ; the direct connection of the steam turbine to high-pressure 
rotary air compressors has been accomplished. In stationary work, the direct 
driving of generators by turbines is common, and the high rotative speeds of the 
latter have cheapened the former. At high speeds, difficulties may be experi- 
enced with commutation; so tiiat the turbine is most successful with alternating- 
current machines. When driving pumps, turbines permit of exceptionally high 
lifts with good efficiencies for the centrifugal type, and low first costs. For low- 
pressure, high-speed blowers, the turbine is an ideal motor. (Ree Art. 239.) The 
outlook for a gas turbine is not promi.sing, any gas cycle involving combustion at 
constant pressure being both practically and thermodynamically inefficient. 

The objections to the turbine in marine application have arisen from the high 
speed and the difficulty of reversing. A separate reversing wheel may be em- 
ployed, and graduation of speed is generally attained by installing turbines in 
pairs. A small i-eciprocating engine is sometimes employed for maneuvering at 
or near docks. Since turbines are not well adapted to low rotative speeds, they 
are not recommended for vessels rated under 15 or IG knots. The advantages of 
turbo-operation, in decreased vibration, greater simplicity, smaller and move deeply 
immersed propellers, lower center of gravity of engine-room machinery, decreased 
size, lower first cost, and greater unit capacity without excessive size, have led to 
extended marine application. The most conspicuous examples are in the Canard 
liners Lusitania and Mauretania. The former has two high-pressure and two low- 
pressure main turbines, and two astern turbines, all of the Parsons type (22). 
The drum diameters are respectively 96, 140, and 104 in. An output of 70,000 Iqi. 
is attained at full speed. 

541. The Exhaust-steam Turbine. From the heat chart, Fig. 177, it is 
obvious that steam expanding adiabatically from 150 lb. absolute pressure and 
600° F. to 1.0 lb. absolute pressui-e transforms into work 365 B. t. u. It ha.s been 
shown that in the ordinary reciprocating engine such complete expaii.sion is unde- 
sirable, on account of condensation losses. The final pressure is rarely below 7 lb. 
absolute, at which the heat converted into work in the above illustration is only 
252 B. t. u. The turbine is particularly fitted to utilize the remaining 113 B. t. u. 
of available heat. The use of low-pressure turbines to receive the exhaust steam 
from reciprocating engines, has, therefore, been suggested. Some progress has 
been made in applying this principle in plants where the engine load is intermit- 
tent and condensation of the exhaust would scarcely pay. With steel mill en- 
gines, steam haTiimers, and similar equipment, the introduction of a low-pressure 
turbine is decidedly profitable. The variations in supply of steam to the turbine 
ax’e offset by the use of a regenerator or accumulator, a cast-iron, water-sprayed 
chamber having a large storage capacity, constituting a “fly wheel for heat,” and 
by admitting live steam to the turbine through a , reducing valve. When a sur- 
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which a 42 by GO inch double cylinder; reversible rolling-mill engine exhausts to an 
accumulator at a pressure 2 or 3 lb. above that of the atmosphere. This delivers 
steam at about atmospheric pressure to a 500 kw. Ratcau turbine operated with 
a 2S-in. vacuum. The steam consumption of the turbine was about 35 lb. per 
electrical hp.-hr., delivered at the switchboard. 

The S.S. Turbinia, in 1S97, was fitted with low-pressure turbines receiving the 
exhaust from reci])rocating engines and operating between 9 lb. and 1 Ib. absolute. 
One tliird of the total jmwer of the vessel was developed by the turbines, although 
the initial pressure was 160 lb. 

542. Commercial Considerations. The best turbines, in spite of their thermo- 
dynamically superior cycle, have not yet equalled in thermal efficiency the best 
reciprocating engines, both operating at full load. (This refers to work at the cylinder. 
The heat consuznption referred to work at the shaft has probably been brought as 
low, with the turbine, as with any form of reciprocating engine.) The combination 
of recijzrocating engine and turbine (Art. 552) has probably given the lowest con- 
sumption ever reported for a Auipor engine. The average turbine is more economical 
than the average engine; and since the mechanical and fluid friction losses are 
disproportionately large, it seems reasonable to expect improved efficiencies as 
exjzerimental knowledge accumulates. 

The turbine is cheaper than the engine; it weighs less, has no fly wheel, requires 
less space and very much less foundation. It can be built in larger units than a 
reciprocating cylinder. Power house buildings are cheapened by its use; the 
cost of attendance and of sundry operating supplies is reduced. It probably depre- 
ciates less rapidly than the engine. The wide range of exjzansion makes a high 
vacuum desirable; this leads to excessive cost of condensing ajzparatus. Similarly, 
superheat is so thoroughly beneficial in reducing steam friction losses that a con- 
siderable investment in superheaters is necessary. The choice as between the 
turbine and the engine must be determined with reference to all of the conditions, 
technical and commercial, including that of load factor. Turbine economy cannot 
be measured by the indicator, but must be determined at the brake or switchboard, 
and should be expressed on the heat unit basis (B. t. u. consumed per unit of output 
per minute). 

For results of trials of steam turbines, see Chapter XV. 

(1) Trans. Inst. Engrs. and Shipbuilders in Scotland, XL VI, V. (2) Berry, 
Tlic Tcmpcraiurc-E ntropy Diagram, 1905. (2 a) For the general theory of fluid 

flow, see Cardullo, Practical Thermodynamics, 1911, Arts. 55-60; Goodenough, 
Principles of Thermodynamics, 1911, Aids. 148-150, 153; for ■ empirical formulas, 
see Goodenough, op. cit.. Art. 154. (3) To show this, put the expression in 



Steam Engine, 1905, I, 170. (19) Technical Thermodynamics, Klein tr., 1907: I, 

225; II, 153. (20) Trans. A. S. M. B., XXVII, 081. (20 a) For a method for 

equalizing the three quantities of work, see Cardullo’s paper, “ Energy and Pressure 
Drop in Compound Steam Turbines,” Jour. A. S. M. B., XXXIII, 2. (21) See 

H. F. Schmidt, in The Engineer (Chicago), Dec. 16, 1907; Trans. Inst. Engrs. and 
Shipbuilders in Scotland, yTLXYK. (22) Power, November, 1907, 770. (23) Trans. 

A. S. M. E., XXV, 817; Ibid, XXXII, 3, 315. (24) Proc. A. I. E. E., 1907. 


SYNOPSIS OF CHAPTER XIV 

The turbine utilizes the velocity energy of a jet or stream of steam. 

Expansion in a nozzle is adiabatic, but not i.sontropic ; tlie lo.sscs in a turbine are due 
to residual velocity, friction of steam through nozzles and buckets and mechanical 
friction. 

TZ2 ,.2 W2 

E + PW 4 - = c + viv + ov — = q— Q, approximately ; 

2g 2g 2g 

whence V = 223.84 Vq — Q. 

The complete expansion secured in the turbine warrants the use of exceptionally high 
vacuum. 

Nozzle friction decreases the heat converted into work and the velocity attained ; 
V= 212.42 

The heat expended in overcoming friction reappears in drying or superheating the 
steam. 

W P 

F=: Gr — , which reaches a minimum at a definite value of — • For steam, this value 
V j) 

is about 0.57. If the discharge pressure is less than 0.57 p, the nozzle converges to 
a “ throat” and afterward diverges. 

The multi-stage impulse turbine uses lower rotative speeds than the single stage. 

The diverging sides of the nozzle form an angle of 10° ; the converging portion may be 
one fourth as long. 

Steam consumption per Ihp.-hr. = 2545 ^ E(q — Q). 

The rotative components of the absolute velocities determine the work ; the relative 
velocities determine the (moving) bucket angles. Bucket friction may decrease 

relative velocities by 10 per cent during passage. Work = (v cos a ± Ycosp) - . 

ff 

Efficiency = E = Work -4- 778(7 — Q). Bucket angles may be adjusted to equalize 
end thrust, to secure inaxinium work, or may be made eijual. 

For a right-angled .stream change, maximum efficiency is 0.50 ; with complete reversal, 
it is 1.00. With practicable buckets, it is always less than 1.0. 

The bac}c.s of moving buckets are made tangent to the relative .stream velocities. 

The angles of fixed blades are determined by the absolute velocities. 

In t\\e pmre pressxire turbine, expansion occurs in the bnejeets. No nozzles are used. 
Turbines may be horizontal or vertical, radial or axial flow, impulse or pressure type. 



drop, corrected for friction; by the mean value of this quantity. Friction through 
buckets may be from 20 to 30 per cent. ' The accumulated heat clroi^ to any stage 
is ascertained and the condition of the steam found as in Fig. 240. Typical 
design, Arts. 534, 535. 

Commercial forms include the De Laval, single-stage impulse : 

Stumpf, single- or two-stage impulse, with Pelton buckets. 

Curtis, multi-stage impulse, usually vertical, axial flow. 

Kateau, multi-stage impulse, axial flow, horizontal, many stages. 
Westinghouse-Parsons, pressure type, axial flow, horizontal ; sometimes of the 
“ double flow ” form. 

Marine apiflications involve some difficulty, but have been satisfactory at high speeds. 
The turbine may utilize economically the heat rejected by a reciprocating engine. A 
regenerator is sometimes employed. 

The best recorded thermal economy has been attained by the reciprocating engine ; 
but commercially the turbine has many points of superiority. 

PROBLEMS 

1. Show on the TN diagram the ideal cycle for a turbine operating between pressure 
limits of 140 lb. and 2 lb., with an initial temperature of 600° F. and adiabatic 
(isentropic) expansion. What is the efficiency of this cycle ? 

{Ans., efhciency is 0.24.) 

2. In Problem 1, what is the loss of heat contents and the velocity ideally 
attained ? 

3. Ill Problem 1, how will the efflciency and velocity he affected if the initial 
pressure is 150 Ih.? If the initial temperature is 600° F.? If the final pressure is 1 lb.? 

4. Solve Problems 1, 2, and 3, making allowance for friction as in Art. 519. 

5. Compute analytically, in Problem 3, first case, the condition of the steam after 
expansion, as in Art. 520, assuming the heat drop to have been decreased 10 per cent 
by friction. (A ns., dryne.ss = 0.877.) 

6. An ideal reciprocating engine receives steam at 150 lb. pressure and 550° F., 
and expands it adiabatically to 7 lb. pressure. By what percentage would the 
efficiency be increased if the steam were afterward expanded adiabatically in a turbine 
to 1.5 lb. pressure. (Ans., 47 per cent.) 

7. Steam at 100 lb. pressure, 92 per cent diy, expands to 16 lb. pre.s.sure. The 
heat drop is reduced 10 per cent by friction. Co7?ipute the final condition and the 
velocity attained. (Ans., diyness = 0.846 ; velocity = 2375 ft. per sec.) 

8. In Problem 5, find the throat and outlet diameters of a nozzle to discharge 
1000 Ih. of steam per hour, and sketch the nozzle. 

(Ans., throat diametei =0.416 in.) 

p 

9. Check the value — = 0.5274 for maximum flow in Art. 522. 



10. Check the equation of flow of a permanent gas, in Art. 522. 

11. If the efficiency in Problem 5, from steam to shaft, is 0.60, find the steam 
consumption per brake hp.-hr., and the thermal efficiency. 

12. In Problem 5, let the peripheral speed be t 6 = 480, the angle a = 20°, and find 
the work done per pound of steam in a single-stage impulse turbine (a) with end 
thrust eliminated, (&) r/ith equal relative angles. Allow a 10 per cent reduction of 
relative velocity for bucket friction. 

13. In Problem 12, Case (&), what is the efficiency from steam to work at the 
buckets !’ (Item A, Art. 52G.) Pind the ideal steam consumption per Ihp.-hr. 

14. Sketch the bucket in Problem 12, Case (&), as in Art. 530. 

15. Compute the wheel diameters and design tlie first-stage nozzles and buckets 
for a two-stage impulse turbine, with two moving wheels in each stage, as in Art. 532, 
operating under the conditions of Problem 5, the capacity to be 1500 kw., the enter- 
ing stream angles 20°, the peripheral speed 600 ft. per second, the speed 1500 r. p. m., 
the heat drop reduced 0.10 by nozzle friction. Arrange the bucket angles to give the 
highest practicable efficiency,* the stream velocities to be reduced 10 per cent by 
bucket friction. State the heat unit consumption per kw.-minute. 

16. In Problem 5, plot by stages of about 10 B.t. u. the NT expansion path in a 
pressure turbine in which the heat drop is decreased 0.25 by bucket friction. 

17. In Problem 16, the dmms have peripheral speeds of 150, 250, 350. Construct 
a reasonable curve of steam velocities, as in Pig. 259, the velocity of the steam enter- 
ing the first stage being 400 ft. per second, and the outputs of the three dnims 

na V X 

39 2 * 

18. In Problem 17, let the absolute entrance angles be 20°, and let the velocity 
diagram be as in Pig. 260. Find the work done in each of .six stages along each drum. 
Find the average heat drop per stage, and the number of stages in each drum, the 
total heat drop per drum having been obtained from Problem 16. 

19. The speed of the turbine in Problem IS is 400 r. p.m. Find the diameter of 
each drum. 

20. In Problems 16-19, the blades are spaced 2" centers. The turbine develops 
1500 kw. Find the heights of the moving blades for one expansive .state, assuming 
losses between buckets and generator of 45 per cent. Design the moving bucket. 

21. Sketch the arrangement of a turbine in which the .steam first strikes a Felton 
impulse wheel and then divides ; one portion traveling through a three-drum pressure 
r(.)tor axially, the other through a two-pressure stage velocity rotor with three rows of 
moving buckets in each pressure stage, also axially, the shaft of the velocity turbine 
being vertical. 

22. Compare as to effec;t on thermal efficiency the methods of governing the 
De Laval, Curtis, and Westinghouse-Parsons turbines. 

23. Determine whether the result given in Art. 541, reported for the S.S. 
Turhinia, is credible. 



CHAPTER XV 

RESULTS OF TRIALS OF STEAM ENGINES AND STEAM TURBINES 

543 . Sources, The most reliable original sources of information as to con- 
temporaneous steam economy are the Transactions or Proceedings of the various 
national mechanical engineering societies (1). The reports of the Committee of 
the Institution of hiechanical Engineers on IMarine Engine Trials are of special 
interest (2). The Alsatian experiments on superheating have alinady been re- 
ferred to (Art. 4RI). The works of Barrus (3) and of Thomas (4) pi-esent a mass 
of results obtained on reciprocating engines and turbines respectively. The 
investigations of Isherwood are still studied (5). The Code of the American Society 
of Meel.anical Engineers {Trans. A. S. M. E., XXIV) should be examined. 

543, Steam Engine Evolution. The Corni,sh simple pumping engines (f)) 
which developed from those of the original Watt type had by 1840 shown dry steam 
rates between lOi and 24 lb. per Ihp.-hi-. They ran condensing, with about 30 lb. 
initial pressure, and ratios of expansion between 3h and IJ, and wore unjacketed. 
Excessive wiredrawing and the single-acting balanced e.xhaust (which produced 
almost the temperature conditions of a compound engine) led to a virtual absence 
of cylinder condensation. 

The advantage of a large ratio of expansion was understood, .and was .supposed 
to be without definite limit until Isherwood (1860) demonstrated th.at expansion 
mi ght be too long continued, and that increased condensation might arise from 
excessive ratios. Early compound engines, without any increase in expansion 
over the ratios common in simple engines, failed to produce any improvement, 
steam rates attained being around 19 IR As higher boiler pressures (1.50 lb.) 
became po.ssible, the ratio of expansion of 14, then adopted for compounds, pronj l!y 
reduced steam rates to 15 Ib. These have been gradually brought dov n to 12 Ib. 
in good practice. The 5400 hp. Westinghouse compound of the New 'I'ork b’dison 
Co., with a 5.8 : 1 cylinder ratio, 185 Ib. steam pressure and 29 expansions, reached 
the rate of 11.93 lb. 

Triple engines, using still higher ratios of expansion, soon attained steam rates 
around 12.] lb. The be.st record for a triple with saturated steam seems to bo 11.05 
lb., reached by the Hackensack, N. J., pumping engine, with 188 lb. throttle pressure 
and 33 expansions. 

Quadrujde engines, and engines with superheat, have shown still better results: 


efficiency of the turbine cannot exceed Ej. That of the reciprocating 
engine has for a still lower hmit the Rankine efficiency, which is with 
saturated steam, 
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where pi= upper pressure, lb. per sq. in., absolute; 

P2 = terminal pressure, lb. per sq. in., absolute (end of expansion) ; 
P3=lower pressure, lb. per sq. in., absolute (atmosphere or 
condenser) ; 

a;i=initial dryness (beginning of expansion); 
a’2 = terminal dryness (end of expansion); 

Vi ^specific volume at pressure pi; 

V2=spccific volume at pressure P2; 
hi =heat of liquid at pressure pi; 

/i2=heat of liquid at pressure P2; 

/i3==heat of liquid at pressure ps; 
ri=internal heat of vaporization at pressure pi; 
r2=intcrnal heat' of vaporization at pressure P2; 

Li=latent heat of vaporization at pressure pi. 

With the regenerative cycle (Art. 550 ) the Carnot efficiency is the 
limit. With superheated steam, the Rankine cycle efficiency is 


E, 


H-H2 + ^V2{P2-Ps) 

■ JjZrjE ^ 


where i 7 =total heat in the superheated steam, B. t. u.; 

H2~total heat above 32 ° at the end of adiabatic expansion; 
r2=specific volume of the actual steam at the end of adiabatic 
expansion; 

P2=pressurc of steam at the end of adiabatic expansion, lb. per 
sq. in.; 

P3=loAvest pressure, lb. per sq. in.; 

/i3=heat of liquid at the pressure ps. 



With saturated steam, it is from 0.15 to 0.2 higher in non-condensing 
than in condensing engines, and increases by 0.05 to 0.1 as the number 
of expansive stages increases from 1 to 2 or from 2 to 3. With high 
superheat, seems to be between 0.6 and 0.7 for both condensing and 
non-condensing engines having either one or two expansive stages. 
The figures given for saturated steam are increased 0.03 to 0.05 by 
jacketing. The steam rate (lb. dry steam per hp.-hr.) is scarcely a 
precise measure of performance, and is of very little significance 
when superheat is used. Results should preferably be expressed in 
terms of the thermal efficiency or B. t. u. consumed per Ihp.-min, 
(See Art. 551.) 

545 . Variables Affecting Performance. Some of these can be weighed from 
thermodynamic considerations alone; but in all cases it is well to confirm computed 
anticipations from tests. The essentially thermodynamic factors are: 

(a) Initial pressure (Art. 549 e); (b) Dryness or superheat (Arts. 549/, 549 g); 

(c) Backpressure (Art. 549 /i); (d) Ratio of e.xpansion (Art. 549 i). 

The factors influencing relative efficiency, to be considered primarily from experi- 
mental evidence, are 

(e) Wire-drawing (Art. 549/); (f) Cylinder condensation including: 

(g) Leakage (Art. 549 /c); (1) Jacketing (Art. 549 m); 

(h) Compression \ . c . q . (2) Superheating (Art. 549 g) ; 

(i) Clearance j ^ • b (3) Multiple e.xpansion and reheating 

(Arts. 549 ?n, 549 n); 

(4) Speed, Size (Art. 549 o) ; 

(/) valve action (Arts. 546-548 h, (5) Ratio of expansion (iVrt. 549 i) ; 

549 0, 551). 

SUMxMARY OF TESTS 


546 . Saturated Steam: Simple Non-condensing Engines, without Jackets. 


Type of Valve. 

Initial 

Gag« 

Pres- 

suru, 

Lb. 

R. p. m. 

Size, lip. 

Ratio of 
Expan- 
sion. 

Steam Rate, , ^ 

tb. 1 

1 

Avge. : imjtS| gs S 

a ^ 

> 

'•s 3 fi- 

Single, automatic, high 
compression 

70-100 

100-300 

20-100 

3-4 

32’ 

30 

30-380.141 

0.55 

Double, automatic. . . . 

75-80 

1 

50-150 

4 

,0.134 

0.63 

Four- valve, non-releas- 

ing 

Four-valve, releasing. . 

100 below 225 

1 

above 50 

3-4’ 

29 

26-320.15 

0.58 

100 below 100 

above 75 

3-41 

26 

124-28 0.15 

1 

0.65 


Valve Gear. 


Valves. 

Initial 

Gage 

Pressure, 

Lb. 




Steam Rate, Lb. 

(Approximate) 

Average. 

Range. 



Non-releasing. 
Releasing 

90-110 

90-100 

below 225 
below 100 

over 60 
over 100 

31-5. 

3h5 

24 

2U- 

22-26 

19J-23J 

0.268 

0.266 

0.35 

0.40 


648:<, Saturated Steam, Compound Non-condensing Engines, without Jackets. 


Valve. 

Initial 

Gage 

Pressure, 

1 

R. p. m. 

Size, Hp. 

Steam 
Rate, Lb. 

(Approximale) 

E, 


! 

Single, automatic 

110-165 

.250-300 

50-250 

23 . 6 

0.167 

n 

Double, automatic 

120 

265 

165 

23.2 

0.162 


Four- valve, releasing .... 

130 

100 

350-450 

21.9 

0.166 

KB 

Willn.na 




20.9 

0.166 

— 







mm 


5481). Saturated Steam, Compound Condensing, without Jackets, Normal 
Cylinder Ratio. 


Valve. 

Initial 

Gage 

Pre.ssure, 

Lb. 




(Approximate) 


Er 

Single, automatic 

110-130 

200-300 

100-500 

19.1 


0.43 

Double, automatic 

120 

160-170 

100-300 

16.3 

0.275 

mEm 

Four-valve, releasing 

100-150 

underlOO 

above 100 

14.6 

0.278 

B 


549a. Saturated Steam, Triple Expansion, without Jackets (12), (13), (14), 
(15). 


Back Pressure. 

Initial 

Gage 

Preissure, 

Lb. 

Steam Rate, Lb. 

(.Approximate) 





184 

0.169 

n SO 



















Type. 

Steam Rate, Lb. 

Jacketed. 

Same Type of 
Engine, 
Unjacketed. 

Small, non-concicnsing simple, 5 exp., 75 lb. gage 
pressure 

25 

26-32-1 

Simple condensing, 120-150 lb. pressure 

17-20 

19i-26 

Woolf compound, condensing, 16 exp., 12 r. p. m., 
120 lb. pressure 

13.6 


Compound non-condensing 

19 

20.9-23.6 

Compound condensing, ordinary cylinder ratio . 

13.5 

14.6-19.1 

(Saving due to jackets, — 1^- to -f 10.9 per cent: 
per cent of total steam consumed in jackets, 
about 5.0.) 

Compound condensing, high cylinder ratio, 150- 
175-lb. pressure, about 30 expansions, 8 to 
14 per cent of total steam used in jackets and 
reheaters 

11.9 


Triple condensing, 85 to 175 lb. pressure, 25 to 33 
expansions 

11.05-11.75 

11 . 75-15 


* One engine gave, with jackets, 13.85; without jackets, 14.99. 


5496'. Superheated Steam, Reciprocating Engines. 


Type. 

Steam 
Rate, Lb. 

B. t. u. 

per 

Hp.-min. 

Approxi- 

mate 

CUni.sius 

Efficiency. 

R('lati'"e 

lOfficiency. 

Simple non-condensing, no jackets, slight' 

superheat 

Simple non-condensing, no jackets, 620° F . . . 

23 

15.3 

319 

1 

0.182 

0.66 

Simple condensing, 800 hp., 4 exp., 65 lb. 
pressure, 450° F 

16 

317 

0.259 

0.52 

Simple condensing, 620° F 

11.6 

234 

0.27 

0.67 

Compound non-condensing, locomotive 

17.6 




Compound condensing, 500° F 

12.9 

253 

0.291 

0.57 

Compound condensing, 620° F 

10.6 

224 

0.3 

0.63 

Compound condensing, 45 hp., 600-lb. pres- 
sure, 800° F. (19) 

10.8 

246 

0.375 

0,46 








Type. 

Steam Rate, Lb. 

B. t. u. per Hp.-min. 


Saturated. 

Super- 

heated. 

Saturated. 

! 

Super- 

heated. 

Compound condensing, 150-lb. pressm-e, 

superheated 250° 

Compound condensing, 140-lb. pressure, 



213-246 

199-223 

superheated 400° (18) 

Compound condensing, 130-lb. pressure, 

13.84 

9.56 

1 

247 

205 

superheated 307° 

(126 r. p. m.j 250 hp., 32 exp.) (11) 

1 

11.98 

8.99 

225 

192 


549(3. Initial Pressure. Increased pressures have been so associated with 
development in other respects that it is difficult to show by experimental evidence 
just what gain in economy has been due to increased pressure alone. Art. 546 
gives usual steam rates from 24-28 lb. for simple non-condensing engines of the 
best type, in this country, with initial pressures around 100 lb. In Germany, where 
pressures range from 150 to 180 lb., the corresponding rates are between 19 and 23 
lb. per Ihp.-hr. 


549/*. Initial Dryness. The efficiency of the Clausius or Rankine cycle is greater 
as the initial dryness approaches 1.0 (Ai-t. 417). No con.siderable amount of moisture 
is ever brought to the engine in practice, and tests fail to show any influence on 
dry steam consumption resulting from variations in the small proportion of entrained 
water. 


. 549^. Superheat. There is no thermodynamic gain when superheating is less 

than 100°, because the steam is then brought to the dry condition by the time 
cut-off is reached. Tables 549 c and 549 d show that heat rates for compound 
engines with low superheat are around 250 B. t. u., and for triples about 220 B. t. u., 
while with high superheat the compound or the triple may reach about 200 B. t. u. 
With high superheat, exceeding 200° F., some gain due to temperature is realized 
in addition to the elimination of cylinder condensation. To properly weigh the 
effect of high superheat, all steam rates given for saturated steam should be 
reduced to the heat unit equivalent. This is done in the table shown at the top of 
page 403. 

Adequate superheating thus causes a large gain in simple engines, either condens- 


Type. 


AIjSOllltG 

Prorsure, 

Lb. 

Feed 

Tempera- 

ture. 

B. t. u. 

per 

Ihp.-min. 

per 1 

Ihp.-mia., 
Super- 
heated. 

irer uent 
Gain by 
Super- 
heating. 

Simple non-condensing, 







best 

26 

100 

200° 


319 

26 

Simple condensing, best. 

21 1 

110 

150° 


234 

39 

Compound non-condens- 







ing 

Compound condensing. 

225 

120 

200° 

380 

332 (loco- 
motive) 

13 

ordinary 

Compound condensing, 

15 

150 

150° 

268 

224-253 

5-17 

high cylinder ratio (see 







Art. 5496) 

12-13 

175 

150° 

213-247 

192-223 

0-22 

Triple condensing, aver- 

1 






age 

125 

175 

150° 

224 

205-221 

1-9 


54:9/i Back Pressure. This is best investigated by considering the difference 
in performance of condensing and non-condensing engines. Arts. 546-549 c give: 



Steam Hate, Lbs. per Ihp.-hr. 

Per Cent 

Type. 

Non-condens- 

ing. 

Condensing. 

Saving Due to 
Condensing. 

r Simple non-releasing. 

29 

24 

1 17 

Saturated Steam, I Simple, releasing. . . . 

26 

21.5 

17 

not jacketed 1 Compound (average) 

22.2 

16.7 

17 

^ Triple 

18.5 

12.5 

33 



25 

18.5 

26 

Saturated steam, 1 ' j . , 

. , , 1 1 Compound (usual 

1 type) 

19 

(average) 

13.5 

29 


Suoerheated / Simple, average 


13 . 8 

28 

steam. \ Compound, average 

mi 

11.4 

35 


The arithmetical averages give about the results to be expected: 

(1) Condensing saves 24 per cent in simple engines, 27 per cent in compounds, 

32 per cent in triples; 

(2) Condensing is relatively more profitable when jackets or superheat are used. 


549 j. Ratio of Expansion. This has been discussed in Art. 436. Since engines 
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Fig. 266o. Art. 549i. — Efficiency at Various Ratios of Expansion. 



flatness varies with different types of engine. A few typical curves are given in 
Fig. 266o. Curve I is from a single-acting Westinghouse compound engine, run- 
ning non-condensing. Curve 1/ is 



from the same engine, condensing 
{Trans. A. S. M. E., XIII, 537). 
Curve III is for the 5400-hp. 
Westinghouse compound condensing 
engine mentioned in Art. 543o. 
Curve IV is for a small four-valve 
simple non-condensing engine: curve 
V for a single-valve high-speed simple 
non-conden.sing engine. 

If we regard the usual ratio of ex- 
pansion in a compound as 16, in a 
simple engine, 4, and in a triple or 
high-ratio compound as 30, with cor- 
responding steam rates of 15, 26, and 
12| (condensing engines), we obtain 
the curves of Fig. 266 5, showing a 
steady gain of efficiency as the total 
ratio of expansion inca’eases, provid- 
ing two stages of expansion are used 
when the ratio exceeds some value 
between 4 and 16. It appears that 
no considerable further gain can be 


Fig. 2666. Art. 549i.— Efficiency and Ratio of expected by increasing either the 


Expansion. 


ratio of expansion or the number of 


of n oroc 


549j. Wire-drawing. None of the tests above quoted applies to throttling 
engines. Cut-off regulation is now almost universal. Moderate throttling may be 
desirable at high ratios of expansion (Ai’t. 426). A large part of the 8 per cent differ- 
ence in steam consumption between the single-valve and double-valve engines 
of Art. 546 (15 per cent in Art. 548 b) is due to the partial throttling action of the 
single valve at cut-off. The difference between the performances of four-valve 
engines with and without releasing gear is very largely due to the comparative 
absence of wii’e-drawing in the former. This difference is 10 per cent in Art. 546. 

549/c. Leakage. The average steam rate ascertained on engines which had 
run from 1 to 5 years without refitting of valves or pistons (7) was 39.3 lb. This 
was for simple single-valve non-condensing machines, for which the figure given in 
Art. 546 is 32^. Some of the difference was due to the fact that the engines tested 
ran at hght loads (§ to f normal; see Art. 649 i and Fig. 266) but a part must'also 
have been due to leakage resulting from wear. In 65 tests reported by Barrus, 
the average steam rate of engines known to have lealdng valves or pistons was 
4.8 per cent liigher than that of those which were Icnown to be tight. Leakage 
is less in compound than in simple engines. (See Ai’t. 452.) 

549?. Compression, Clearance. The theory of compression has been discussed 
(Art. 451). High-.speed engines have more compression than those running at low 
speed. The compression in compound engines is less than that in simple engines. 
There is an amount of compression (usually small) at which for a given engine and 
given conditions the efficiency will be a maximum. No general results can be given. 
The maximum desirable compression occurs at a moderate cut-off: at other points 
of cut-off, compression should be less. Within any range that could reasonably 
be prescribed, the amount of compres.sion does not seriously influence efficiency. 

Clearance is a necessary evil, and the waste which it causes is only partially 
offset by compression. Designers aim to make the amount of clearance (which 
depends upon the type and location of the valves) as small as possible. The pro- 
portion of clearance in steam engines of various types is given in Art. 450. The 
differences between the steam rates of single valve and Corliss valve engines, shown 
in Arts. 546 to 548 b, aheady mentioned as partly due to wire-drawing, are also 
in part attributable to differences in clearance. 

549??i. Jackets. The saving due to jackets may range from nothing (or a slight 
loss) up to 20 per cent or more. Art. 549 h shows minimum savings of 6 to 9 per cent 
and maximum of 19 to 23 per cent, for one, two or three expansivei stages. Yet 
there are undoubtedly cases where jackets have not paid, and they are not usually 
applied (excepting on pumping engines) in American stationary practice to-day. 
The best records made by compounds and triples have been in jacketed engines. 
This is with saturated steam. With superheat, jackets are not warranted. The 
proportion of steam used in jackets (of course charged to the engine) ranges usually 


549/i. Multiple Expansion. I’lio tahlos fiiriiisli I;1 h> following: 



U N.) /VCKirncn 15 n ( : i Niw 





.Slciini Hat.c, I-b. pc 

Ihp.-lir.- 





Condi'tminK. 

Nim 

-(•ondi'iininK. 

No. of expansion stages. . 

1 

2 3 

.1 

2 3 

Typr. 



32 .\ 


Single-valve 


19.1 

23 .6 

Doublc-valv(' 


16.3 

30 

23.2 

Four-valve, non-releasing. 

24 


29 


Four-valve, relea.sing. . . . 

21 i 

14.6 12.5 

2(1 

21.9 IS. 5 

Superheat, good valve . . . 

11.6-16 

10.6-12.9 9.6-10.9 

15.3 4 

13 17.6 

The non-condensing engine with 

i ehea)) typ(' of valv(' is 

23 (0 27 

per (’('id. more 


economical in the con:i])Oun<l form tluui wlicn sim])l('. ('Plu! non-conihMisiii!.:; conipounil 
is on other grounds than econoiny :in unsatishvclory type' of engine, see Aiiirriraii 
Machinid, Nov. 19, 1S91.) In four-valve reh'asing engiiu’s, iioii-eonih'iising, llu' 
compound saves 1(1 i)er (!ent oven- (he simi)le and (lui (I'ipie saves 1(1 ja'i' een( ov('r 
the compound. 'I’Ik' same engines, condc'iising, giv(' a saving of pc'r e('nt liy com- 
pounding and an additional saving of M per cent by ti-iple e.vpansion. Wdl li super- 
heat, non-condensing, the eom])ound is b-oni 1.5 ];('r cent wors(i lo 2;} p('r cent heller 
than the simple engine. Condensing, (be eom])ound .saves 1 .5 jx'r (!en(. ov('r (In' sinijih! 
and the trijdc saves 13 ]Hir e.ent over the e.omiiound. 

High Ratio Cmiriwunda have bec'u di.scussc'd in Art. 473. d'he (('sIs in Art. TidS h 
include only compound engines of normal cylinder ral.io. din' following resulis 


have been attained with wider ratios: 

!,Ph. jkt Ilip.lir. 

150-lb. pre.s.sure, 26 exp., ral.io 7:1 12. 1.5 (jacketed) 

1.50-lb. pro.ssure, 120 r. j). m., 33 exp 12.1 (head jacketed) 

130-lb. pressure, 12(1 r. j). m., 32 (ixj) 11. 9S (jacket('d) 


These figures are practically ('(pial to (hose la^aclu'd by triph' ('iigiTU's. Tlu'y 
are due to (a) high ratios of expansion, (5) jacketing, and (c) the high e.ylimh'r ratio. 

549 n Speed and Size; Efficiency in Practice. None of I.Ik' (.(' sts .shows a steam 
rate below 16.3 lb. at speeds above 140 r. p. m. Low rotary spt'i'd is (>.s,sential to I In' 
highest thermal efficiency. Between very wide hmits — say 100 or 200 to 2.500 h]). 
— the .size of an engine only slightly influences its sl.c'am rate. Very snudl unils 
are wasteful (some direct-acting steam i)umi)s have Ixm'u shown to u.s(> as mu<-h as 
300 lb. of steam per Ihp.-hr)(6) and very large engiiu's an', usually built, with such 
refijiement of design as to yield maximum efficiencies. 

All figures given arc from ])ublished t('sts. It is generally tlu' ease' f.hat poor 
performances are not piiblished. The tabulated steam rates will not bt> rc'.aelu'il 
in ordinary operation: first, becaus(' the load ca,nno(, b(' ki'pt at (In' point of 



INDiCATEO HORSE POWLlI 

Fig. 266. Arts. 549i, 5.50. — Test of liico unU Siirgeut Engine (10). 

550 . Quadruple Engines: Regenerative Cycle. Some of the best perform- 
ances on record with saturated steam 
have iieen made in quadruple-expansion 
engines. The Nordberg pumping engine 
at Wildwood (16), although ot only 
6,000,000 gal. capacity (712 horsepower) 
and jacketed on barrels of cylinders 
only, gave a heat consumption of 186 
B. t. u. with 200 lb. initial pressure and 
only a fair vacuum. The high efficiency 
was obtained by drawing off live steam 
fi’om each of the receivers and trans- 
ferring its high-temperature heat direct 

of tlie boiler feed water by means of N ' / 

roil heaters. Heat w'as thus absorbed a ^ ren tvt h ir n- 

more nearly at the high temperature 

limit, and. a closer approach made to the Carnot cycle than in the ordinary en- 
gine. 'i’luis, in Fig. 207, BCDS represents the Clausius cycle. The heat ai-eas 
250.76 hlllE, gKJh, NMLg represent the withdrawal of steam from the 

THROTTLE various receivers, the.se amounts of lieat being applied to lieatiiig 

I \ the water along Bd, de, ef The heat imparted from vAthoul i,s then 

\ only cfC'DE. Tlie work area DIIIJKLMRS lias been lost, but 

1 the much greater heat area ABfc has been .saved, so that the effi- 

ciency is increased. The cycle is regenerative ; if the number of 
stel^s wei-e infinite, the expansive piath would be DF, parallel to 
BC, and the cycle would he ecpially efficient with that of Carnot. 

I The actual efficiency Avas 68 per cent of that of the Carnot cycle. 

The steam rale was not low, being increased by the system of 
off steam for the heater.s fx-oiii 11.4 to 12.26; luit the real 
\ efficiency was, at the time, unsurpa.ssed. A later test of a Nord- 

1 berg engine of similar construction, msed to drive an air coiii- 

\ pressor, is reported by Hood (17). Here the coiiihined diagrams 

\ were as in Fig. 268. Steam Avas received at 257 lb. pressure, the 

\ vacuum being rather poor. 

At normal capacity. 1000 
"'^‘^fSECEiYER hp., the mechanical effi- 

N. . cicncy Avas 90.35 per cent, 

RECEIVER .^nd the heat consumption 



551. Summary of Best Results, Reciprocating Stationary Engines. 


Lbs. Steam ® B. t. u. per 

Perlhp.-hr. Ihp.-min. 


Saturated steam, simple, non-condensing, 

single valve, without jackets 32| 0 . 51-0 . 55 548 

Saturated steam, simple, non-condensing, 

double valve, without jackets 30 0.63 502 

Saturated steam, simple, non-condensing, 

four valve, releasing, without jackets. . . 26 0.65 434 

Saturated steam, simple, non-condensing, 

with jackets 25 0.6S 418 

Saturated steam, compound non-condensing. 


Saturated steam, simple condensing, four 

valve releasing, without jackets 21-J 0.40 383 

Saturated steam, compound non-condensing. 


Saturated steam, compound condens- 
ing, normal ratio, single valve, no 

jackets 19 0.43 359 

Saturated steam, simple condensing, with 

jackets 18^ 0.45 330 

Superheated, compound non-condensing 

(locomotive) 17^ 0.5S-0.72 332 

Superheated (620° F.) steam, simple, non- 
condensing 15 0.66-0.84 319 

Saturated steam, compound condensing, four 

valve, no jackets 14^ 0.56 274 

Saturated steam, compound condensing, 

normal ratio, four valve, with jackets, . 13^ 0; 50-0. 60 255 

Saturated steam, triple condensing, no 

jackets 12^ 0.61 234 

Saturated steam, high ratio compound con- 
densing, jacketed 12 0.63 226 

Superheated (620° F.) steam, simple, con- 
densing 11^ 0.67 234 

Saturated steam, triple condensing, with 

jackets 11^ 0.66 205 

Superheated (620° F.) steam, compound con- 
densing 10^ 0.63 224 

Superheated (620° F.) steam, triple con- 
densing 9-^ 0.69 200 

Saturated steam, quadruple, condensing * 169 



552. Turbines. With pressures of from 78.8 to 140 lb.,* and vacuum from 
24.3 to 26.4 in., steam rates per brake horse power of 18.0 to 23.2 have been obtained 
with saturated steam on De Laval turbines. Dean and Main (20) found correspond- 
ing rates of 15.17 to 16.54 with saturated steam at 200 lb. pressure, and 13.94 to 15.62 
with tliis steam superheated 91 °. 

Parsons turbines, with saturated steam, have given rates per brake horse power 
from 14.1 to 18.2; with superheated steam, from 12.6 to 14.9. This was at 120 
lb. pre.s.surc. A 7500-kw. unit tested by Sparrow (21) with 177.6 lb. initial pressure, 
95.74° of superheat, and 27 in. of vacuum, gave 15.15 lb. of steam per kw.-hx. Bell 
reports for the Luailania (22) a coal consumption of 1.43 lb. per horse power hour 
delivered at the shaft. Denton quotes (23) 10.28 lb. per brake horse power on a 
4000 Iq). unit, with 190° of superheat (214 B. t. u. per minute); and 13.08 on a 1500- 
hp. unit using saturated steam. A 400-kw. unit gave 11.2 lb. with 180° of super- 
heat. A 1250-kw. turbine gave 13.5 lb. with saturated steam, 12.8 with 100° of 
superheat, 13.26 with 77° of .superheat (24). (All per brake hp.-hr.) 

A Bateau machine, with slight superheat, gave rates from 15.2 to 19.0 lb. 
per brake horse power. Curtis turbines have shown 14.8 to 18.6 lb. per kw.-hr., 
as the superheat decreased from 230° to zero, and of 17.8 to 22.3 lb. as the back 
prcs.suro increased from 0.8 to 2.8 lb. absolute. Kruesi has claimed (25) for a 
5000-kw, Curtis unit, with 125° of superheat, a steam-rate of 14 lb. per kw.-hr.; 
and for a 2000-kw. unit, under similar conditions, 16.4 lb. 

A 2600-kw. Brown-Boveri turbo-alternator at Frankfort consumed 11.1 lb. of 
steam per electrical horse-power-Iiour with steam at 173 lb. gauge pressure, super- 
heated 196° and at 27.75 ins. vacuum. The 7500-kw. Allis cross-compound engines 
of the Interborough Rajud Transit Co., New York, vnth 190 lb. gauge pressure and 
25 ins. vacuum (saturated steam) used 17.82 lb. steam per kw.-hr. When exhaust 
turbines were attached (Art. 541) the steam rate for the whole engine became between 
13 and 14 lb. per kw.-hr., or (at 28 ins. vacuum) the B. t. u. consumed per kw.- 
min., ranged from 245 to 264; say, approximately from 156 to 168 B. t. u. per 
Ihp.-min., which was better than any result ever reached by a reciprocating engine 
or a turbine alone. Heat unit consumptions below 280 B. t. u. per kw.-min. (190 
per llip.-min.) have been obtained in many turbine tests. 

553. Locomotive Tests, The surprisingly low steam rate of 16.60 lb. has 
been obtained at 200 lb. pressure, with superheat up to 192°. This is equivalent 
to a rate of 17.8 lb. wnth saturated steam. The tests at the Louisiana Purchase 
Expo.sitiou (26) showed an average steam rate of 20.23 ib. for all classes of engines 
te.sted, or of 21.97 for simple engines and 18.55 for compounds, with steam pres- 
sures ranging from 200 to 225 lb. These results compare most favorably with any 
obtained from high-speed ji on-condensing stationary engines. The mechanical 
efRciency of the locomotive, in spite of its large number of journals, is high ; in 
the tests referred to, under good conditions, it averaged 88.3 per cent for consoli- 
dation engijies and 89.1 per cent for the Atlantic type. The reason for these high 
efficiencies arises from tlie heavy overload carried in the cylinder in ordinary sei- 



were, oE course, laboratory tests; road tests, reported by Hitclicock (27), show less 
favorable results ; but the locomotive is uevertheless a highly economical engine, 
considering the conditions under Avhich it runs. 

554. Engine Friction. Excepting in the case of turbines, the figures given 
refer usually to indicated horse power, or horse power develoj^ed by the steam in 
the cylinder. The effective horse power, exerted by the shaft, or brake horse 
power, is always less than this, by an amount depending upon the fidction of the 
engine. The ratio of the latter to the former gives the mechanical efficiency, which 
may range from 0.85 to 0.90 in good practice with rotative engines of inodei’ate 
size, and up to 0.965 in exceptional cases. (See Art. 497.) The brake horse power is 
usually determined by measuring the pull exerted on a friction brake applied to the 
belt wheel. When an engine drives a generator, the power indicated in the cylinder 
may be compared with that developed by the generator, 
and an over-all efficiency of mechanism thus obtained. The 
difficulties involved have led to the general custom, in 
turbine practice, of reporting steam rates per kw.-hr. 

Thurston has employed the method of driving the engine 
as a machine from some external motor, and measuring 
the power requhed by a transmission dynamometer. 

In direct-driven pumps, air compressors and re- 
frigerating machines, the combined mechanical efficiency 
is found by comparing the indicator diagrams of the 
steam and pump cylinders. These efficiencies are 
high, on account of the decrease in number of bearings, 
crank pins, and crosshead pins. 

555. Variation in Friction. Theoretically, at 555.— Engine 

least, the friction includes two parts: the initial lu-ictiou. 

friction, that of the stuffing boxes, which remains practically constant ; and the 
load friction, of guides, pins, and bearings, which varies with the initial pressure 

and expansive ratio. By plotting 
concurrent values of tlie brake hoi’.se 
power and friction horse power, we 
thus obtain such a diagram as that 
of Fig. 209, in Avhich the height ah 
represents the constant initial fric- 
tion, and the variable ordinate xy 
the load friction, increasing in arith- 
metical proportion Avith the load. 
It has been found, however, that in 
practice the total friction is more 
affected by accidental variations in 
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a vai-iable amount, necessary to 
do external 'work, and vai’ying 
with the amount of that work. 

Willaiis found that this latter 
part varied in exact arithmcti- -isoo 
cal proportion with the load, “ 
when the output of the engine ° 
was varied by changing the initlaL “ 
pressure; a condition repre- 2 ' 

sented by the Willans line of " - 

Fig. 270 (28). The steam rate S . 
was thus the same for all loads, 
excepting as modified by fric- / 

tion. (Theoretically, this jq g'o qq -q gj gg jgg jjq joq 

should not hold, since lowering iLicTRic^ house fowIr 

of the initial pressure lowers nr-, a ^ n u wi> t- r 

^ Fro. 271. Art. oati, Prob. 10.— Willans Line lor a 

the efficiency.) When the load Parsons Turbine. 

is changed by varying ike ratio 

of expansion, the corrected steam rate tends to decrease with increasing ratios, 
and to increase on account of increased condensation ; there is, however, some 
gain up to a certain limit, and the Willans line must, therefore, be concave up- 
W'ard. Figure 271 shows the practically straight line obtained from a series of 
tests of a Parsons turbine. If the line for an ordinary engine were perfectly 
straight, with varying ratios of expansion, the indication would be that the gain 
by more complete expansion was exactly offset by the increase in cylinder con- 
densation. A jacketed engine, in which the influence of condensation is largely 
eliminated, should show a maximum curAmture of the Willans line. 


ELECTRICAL HORSE POWER 


Pig. 271. Art. Sriti, Prob. 10. — Willans Line lor 
Parsons Turbine. 


556. Variation in Mechanical Efficiency. With a constant friction loss, the 
mechanical efficiency must increase as the load increases, hence the desirability 
of running engines at full capacity. This is strikingly illustrated in the locomotive 
(Art. 5 . 54 ). Engines operating at serious variations in load, as in street railway 
power plants, may be quite wasteful on account of the low mean mechanical 
efficiency. 

The curve in Fig. 266 gives data for the “ Total curve of Fig. 271a, which is 
plotted on the assumption that the horse power consumed in overcoming friction 
is 100, and the corresponding total weight of steam 1000 lb. per hour. Thus, at 
700 Ihp., the steam rate from Fig. 266 is 12.1 lb., and the steam consumed per hour 
is 8470 lb. The corresponding ordinate of the second curve in Fig. 271a is then 


(8470 - 1000) - 7 - (700 - 100) = 7470 -p600 = 12.45, 



'Fig. 271a. Art. 556. — Effect of Mechanical Efficiency. 


557. Limit of Expansion. Aside from cylinder condensation, engine friction 
imposes a limit to the desirable range of expansion. Thu.s, in Fig. 272, the line 

ab may be drawn such that the constant 
pre.ssure Oa represents that necessary to 
overcome the friction of the engine. If 
expansion is carried below ab, say to c, the 
force exerted by the steam along be will be 
less than the resi.sting force of the engine, 
and will be without value. The maximum 
desirable expansion, irrespective of cylinder 
condensation, is reached at b. 



558. Distribution of Friction. Experi- 
menting in the manner described in Art. 
555, Thurston ascertained the distribution 
of the friction load by successively removing 
various parts of the engine mechanism. 
Extended tests of this nature, made by 
Carpenter and Preston (29) on a horizontal engine indicate that from 35 to 47 per 
cent of the whole friction load is imposed by the shaft bearings, from 22 to 49 per 
cent by the piston, piston rod, pins, and slides (the greater part of this arising from 
the piston and rod), and the remaining load by the valve mechanism. 


Fig. 272. Art. 557. — Engine Friction 
and Limit of Expansion. 
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SYNOPSIS OF CHAPTER XV 

Sources of information : development of steam engine economy. 

Limit of efficiency (Rankine cycle); with the regenerative engine, the Carnot cycle; 
with the turbine, the Clausius cycle. Efficiency vs. steam rate. 

Variables affecting performance : 

Efficiency varies directly wdth initial pre.ssure ; 
is independent of initial diyne.ss ; 

is increased by high .superheat (.superheat is a substitute for compounding); 
varies inversely as the back pressure, and is greater in condensing than in 
non-condensing engines ; 

reaches a maximum at a moderate ratio of expansion and decreases for 
ratios above or below this ; 

varies directly with the number and independence of valves ; 
may be seriously reduced by leakage or high compression ; 
hs usually somewhat increased by jacketing; 

increases with the number of expansive .stages, though more and more 
slowly ; 

is low in very small engine.s or at very high rotative speeds ; 
in ordinary practice is below publLshed records. 

Typical figures for reciprocating engines and turbines, wdth saturated and super- 
heated steam, .simple vs. compound, condensing vs. non-condensing, with and 
without jackets, triple and quadruple regenerative. 


PEOBLEJIS 

(See footnote. Art. 552.) 

1. Find the' heat unit consumption of an engine using 30 lb. of dry steam per 
Ihp.-hr. at 100 lb. gauge pressure, discharging this .steam at atmospheric pressure. 
How much of the heat (ignoring radiation lo.sses) in each pound of steam is rejected ? 


‘X, J} iilLl OULO ilCtbU UJLliU V^UiiOUJ-LipOiUiaO OllU i^^UiCO iU. XXi. U. OkJ^ ±\Ji. 

De Laval tuiLines, assuming the vaciuim to have been 27 in.* 

■(.<d.?is., a, 295 j h, 28G B. t. u,- per minute.) 

5. Bind the heat unit consumption for the 7500-kw. unit in Art. 552. 

(A7ZS., 296.3 B. t. u.) 

6. Estimate the prohahle limit of boiler efficiency of the plant on the S.S. 
Lusitania, if the. coal contained 14,200 B. t. u. per lb. 

[Ans., if engine tliermal efficiency 'vvere 0.20, mechanical efficiency 0.90, the 
boiler efficiency must have been at least 0.69.) 

7. Determine from data given in Art. 553 whether a coal consumption of 2.27 
lb. per. Ihp.-hr. is credible for a locomotive. 

8. Using values given for the coal consumption and mechanical efficiency, with 
how little coal (14.000 B. t.u. per pound), might a locomotive travel 100 miles at a 
speed of 50 miles per hour, while exerting a pull at the drawbar of 22,000 lb. ? Make 
compari.sous with Problem 8, Cliapter II, and determine the possible efficiency from 
coal to drawbar, 

9. An engine consumes 220 B. t. u. per Ihp.-min., 360 B. t. u. per kw.-min, of 
generator output. The generator efficiency is 0.93. What is the mechanical 
efficiency of the direct-connected unit ? (Ans., 8S per cent.) 

10. Erom Eig. 271, plot a cuiwe showing the variation in steam consumption per 
kw.-hr. as the load changes. 

11. An engine works between 150 and 2 lb. absolute pressure, the mechanical 
efficiency being 0.75. What is the desirable ratio of (hyperbolic) expansion, friction 
losses alone being considered, and clearance being ignored 1’ _ (A ns., 12.25.) 

12. If the mechanical efficiency of a rotative engine is 0.85, wlmt .should be it.s 
mechanical efficiency when directly driving an air compressor, based on the minimum 
values of Art. 558 ? (Ans., 0.94.) 

13. In the jacket of an engine there are condensed 310 lb. of steam per hour, 

the steam being initially 4 per cent wet. The jacket .supply is at 150 lb. absolute 
pre.ssure, and the jacket walls radiate to the atmo.sphere 52 B. t. u. per minute. How 
much heat, per hour, is supplied by the jackets to the steam in the cylinder ? ' 

14. A plant consumes 1.2 lb. of coal (14,000 B. t. u. per lb.) per brake hp.-hr. 
What is the thermal efficiency ? 


* Vacua are measured downward from atmospheric pressure. One atmosphere = 
14.690 lb. per square inch= —29.921 inches of (mercury) vacuum. If p = absolute 
pressure, pounds per square inch, d = vacuum in inches of mercury. 


u = 29.921 

14.696 

•^“29.921 



(29.921-1;). 


CHAPTER XVI 


THE STEAM POWER PLAHT 

560. Fuels. The complex details of steam plant management arise 
largely from differences in the physical and chemical constitution of 
fuels. “liard^’ coal,* for example, is compact and liard, ■while soft coal is 
friable; the latter readily breaks up into small particles, while the former 
maintains its initial form unless subjected to great intensity of draft. 
Hard coal, therefore, requires more draft, and even then burns much less 
rapidly than soft coal; and its low rate of combustion leads to important 
modifications in boiler design and operation in cases where it is to be used. 
Soft coal contains large quantities of volatile hydrocarbons ; these distill 
from the coal at low temperature, but will not remain ignited unless the 
temperature is kept high and an ample quantity of air is supplied. The 
smaller sizes of anthracite coal are now the cheapest of fuels, in propor- 
tion to their heating value, along the northern Atlantic seaboard ; but the 
supply is limited and the cost increasing. In large city plants, where 
fixed charges are high, soft coal is often commercially cheaper on account 
of its higher normal rate of combustion, and the consequently reduced 
amount of boiler surface necessary. The sacrifice of fuel economy in 
order to secure commercial economy with low load factors is strikingly 
exemplified in the ‘‘double grate” boilers of the Pliiladelphia Rapid 
Transit Company and the Interborough Rapid Transit Company of Hew 
York (1). 

561. Heat Value. The heat value or heat of combustion of a fuel is determined 
by completely burning it in a calorimeter, and noting the rise in temperature of the 
calorinieter water. The result stated is the number of heat units evolved per pound 
with products of combustion cooled down to 32° F. Fuel oil has a heat value 
upward of 18,000 B. t. u. per pound; its price is too high, in most sections of tl.e 
country, for it to compete with coal. Wood is in some sections available at low 
cost; its heat value ranges from 6500 to 8.500 B. t. u. The heat values of com- 
mercial coals range from 8800 to 15,000 B. t. u. Specially designed furnaces are 



TABLE— COMBUSTION DATA FOR VARIOUS FUELS 



Symbol. 

Equivalent Reaction.f 

B. t. u. 
per Lb. 

Hydrogen 

FI 

H 2+0 = HaO 

62, loot 

Carbon 

C 

C 4-0 = CO 

4,450 . 

Carbon 

C 

C4-02 = C 02 

14,500 

Carbon monoxide l 

CO 

CO-fO = C02 

4,385 

Acetylene 

C 2 H 2 

C 2 H 2 4~06 = 2 C 02 4"H20 

21,400t 

Methane 

CH 4 

CH, 4-04 = 002+21120 

23,842 1 

Ethylene 

C 2 H 4 

C 2 H 4+06 = 2 C 02 + 2 H 20 

21,250 1 

Sulphur 

s 

S +02 = S 02 

4,100 

Gasolene* 

C„Hu 

1 

C(iH 14 + Ol9 = 6 CO 2 +7H2i ) 

19.000t 


* Gasolene is a variable mixture of hydroearbons, CcITu being a probable approximate formula, 
t The number of atoms in the molecule is tli.srogarded. 

$ These figures represent, the “ high values.” When hydrogen, or a fuel containing hydrogen, 
is burned, the maximum heal is evolved if the products of comlju.stion are cooled below the tem- 
perature at which they condense, .so that the latent heat of vaporization is emitted. The ” low 
heat value ” would be (970.4 Xw) B. t. u. less than the high value when w is the weight in pounds 
of steam formed during the combu.stion, if the final temperatures of the products of combustion 
were the same in both " high ” and “ low ” determinations. When the products of Combustion 
are permanent gases there is no distinction of heat values. 

561(f, Computed Heat Values. When a fuel contains hydrogen and carbon 
only, its heat value may be computed from tho.se of the constituents. If oxygen 
also is present, the heat of combustion is that of the substances uncombined with 
oxygen. Thus in the case of cellulose, CcHioOs, the hydrogen is all combined with 
oxygen and unavailable as a fuel. The carbon constitutes the -finj = 0.444 part 
of the substance, by weight, and the computed heat value of a i)ound of cellulose 
is therefore 0.444X14,500 = 6430 B. t. u. 

The heat of combustion of a compound may, however, differ from that of the 
combustibles which it contains, because a compound must be decomposed before 
it can be burned, and this decomposition may be either exolhermic (heat emitting) 
or endoihervic (heat absorbing). In the case of acetylene, C 2 H 2 , for example, if 
the heat evolved in decomposition is 3200 B. t. u., the “ high ” heat of combustion 
is computed as foUow’s: 

C = fix 14,500 =13,400 

H = 5^X62,100 = 4,790 

Heat of decomposition = 3,200 

Heat value =21,390 

With an endothermic compound the heat of combustion will of course be less 
than that calculated from the combustibles present. 

Suppose 0.4 cu. ft. of gas to be burned in a calorimeter, rai.sing the temperature 
of 10 lb. of water 25° F. The heat absorbed by the water is 10X25 = 250 B. t. u., 
and the heat value of the gas is 250-7-0 A = 625 B. t. u. per cu. ft. If the tempera- 
t.Tirp nf t.Vip fTfis at the hefrinnimr of the operation were 40° F.. and its Dressure 30..5 






cu. ft. of gas under standard conditions (32° F. and 29.92 in. barometer), the 
heat value per cubic foot under standard conditions would then be 625-^-1.001 =62//..//. 

B. t. u. 

These are the “ high ” heat values. Suppose, dm-ing the combustion, tIu lb. 
of water to be condensed from the gas, at 100° F. Taking the latent heat at 970.4 
and the heat evolved in cooling from 212° to 100° at 112 B. t. n., the heat con- 
tributed during condensation and cooling would be 0.05(970.4-1-112) =54.12 B. t. u., 
and the “ low ” heat value of the gas under the actual conditions of the exjicriment 
would be Q25-5i. 12 =570. 88 B. t. u. 

The tabulated “ heat value ” of a fuel is usually the amount of heat liberated 
by 1 lb. thereof ■when it and the air for combustion are supplied at 32° F. and atmos- 
pheric pressure, and when the products of combustion are completely cooled down 
to these standard conditions. In mo.st applications, the constituents are supi-jlied 
at a temperature above 32° F., and the products of combustion arc not cooled down 
to 32° F. Two corrections are then necessary; an addilion, to cover the heat 
absorbed in raising the supplied fuel and air from 32° to their actual temiieraturos, 
and a deduciion, equivalent to the amount of heat which would be liberated l)y the 
products of combustion in cooling from their actual condition to 32°. 

562 . Boiler Room Engineering. While the limit of progress in steam engine 
economy has apparently been almost realiz-ed, large opportunities for improvement 
are offered in boiler operation. This is usually committed to cheap labor, with 
insufficient supervision. Proi^er boiler operation can often cheapen power to a 
greater extent than can the substitution of a good engine for a poor one. Kew 
designs and new test records are iiot necessary. Eflicieneies already repoi-ted 
equal any that can be expected; but the attainment of these efficiencies inordi- 
nary operation is essential to the continuance in use of steam as a imwer produc- 
ing medium. 

563 . Combustion. One pound of pure carbon burned in air uses 2.67 
lb. of oxygen, forming a gas consisting of 3.67 lb. of carbon dioxide and 
8.90 lb. of nitrogen. 

If insufficient air 
is supplied, the s’" 
amount of carbon. ^ 
dioxide decreases, f 
some carbon mon- |i-.o 
oxide being “ 
formed. If the air 
supply is 50 per § 
cent, deficient, no “ 
carbon dioxide can p 2 o 
(theoretically at g 



RISE IN TEMP. DEGREES FAHT. 


564 , Temperature Rise. In burning to carbon dioxide, each pound of 

carbon evolves 14, 500 B. t. u. In burning the carbon monoxide, only 4450 
B. t. n. are evolved per pound. Let IF be the weight of gas formed per 
pound of carbon. TTits mean* specific heat, the elevation of tempera- 
ture produced ; then for combustion to carbon dioxide, T — t = and 

4450 

for combustion to carbon monoxide, T — t = The rise of teinpera- 

WK 

ture is much less in the latter case. As air is supplied in excess, W 
increases while the other quantities on the right-hand sides of these equa- 
tions remain constant, so that the temperature rise similarly decreases. 
The temperature elevations are plotted in Fig. 273. The maximum rise 
of temperature occurs when the air supply is just the theoretical amount. 

565 . Practical Modifications. These curves truly represent ‘the 
phenomena of combustion only when the reactions are perfect. In 
practice, the fuel and air are somewhat imperfectly mixed, so that' we 
commonly find free oxygen and carbon monoxide along with carbon 
dioxide. The presence of even a very small amount of carbon monoxide 
appreciably reduces tbe evolution of heat. The best results are obtained 
by supplying some excess of air; instead of the theoretical 11.57 lb., 
about 16 lb. may be supplied, in good practice. In poorly operated 
plants, the air supply may easily run up to 50 or even 100 lb., the 
percentage of carbon dioxide, of course, steadily decreasing. Gases 

* K is quite variable for wide temperature ranges. (See Art. 63.) In general, it 
may be written as a±d)t or as where a, b and c are constants and t the 

temperature range from some experimentally set state. For accurate work, then 

rti nti rti 

Kdt= ( I btdt:iz I cPdt 

U Jti Jh Jti 

thejast term disappearing when K may be written as a functionf of the first power 
only of the temperature. 



containing 10 per cent of dioxide by volume are usually considered 
to represent fair operation. 


566. Distribution of Heat. Of the heat supplied to the boiler by the fuel, a 
part is employed in making steam, a small amount of fuel is lost through the grate 
bars, some heat is transferred to the external atmosphere, and some is carried away 
by the heated gases leaving the boiler. This last is the important item of loss. 
Its amount depends upon the weight of gases, their specific heat and temperature. 
The last factor we aim to fix in the design of the boiler to suit the specific rate of 
combustion; the specific heat we cannot control; but the weight of gaa is determined 
solely by the supply of air, and is subject to operating control. 


Efficient operation involves the minimum possible air supply in 
excess of the theoretical requirement; it is evidenced by the percentage 
of carbon dioxide in the discharged gases. If the air supply be too 
much decreased, however, combustion may be incomplete, forming 
carbon monoxide, and another serious loss will be experienced, due 
to the potential h jat carried off by the gas. 


567. Air Supply and Draft. The draft necessary is determined by the 
physical nature of the fuel: the air supply, by its chemical composition. The 
two are not equivalent; soft coal, for example, requires fittle draft, but ample air 
supply. The two should be subject to separate regulation. Low grade anthracite 
requires ample draft, but the air supply should be closely economized. If forced 
draft, by steam jet, blower, or exhauster, is employed, the necessary head or 
pressure should be provided without the delivery of an excessive quantity or 
volume of air. 

Drafts required vary from about 0.1 in. of water for free-burning soft coal to 
1.0 in. or more for fine anthracite. A chimney is seldom designed for less than 
0.5 in., nor forced blast apparatus for less than 0.8 in. 


568. Types of Boiler. Boilers are broadly grouped as fire-tube or 
water-tube, internally or externally fired. A type of externaUy fired water- 
tube boiler has been shown in Fig. 233. In this, the Babcock and Wilcox 
design, the path of the gases is as described in Art. 508. The feed water 
enters the drum 6 at 29, flows downward through the back water legs 
n qnrl then uoward to the right along the tubes, the high tem- 


B SIDE ELEVATION AT "E-F ” 

Fig. 274. Art. oUS — Horizontal Tubular Boiler. (The Bigelow Company.) 



’(Ihj fired fire-tuLe 
is internally fired, 
he, on the exposed 



MNER 



tube, and requires less 
space. It can be more 
readily used witli high 
steam pressures. The im- 
portant points to observe 
in boiler types are the 
paths of the gases and of 
the Tvater. The gases 
should, for economy, im- 
j)i n ge upon and thoroughly 
circulate about all parts 
of the heating surface; 
the circulation of the 
water for safety and large 
capacity should be x*osi- 
tive and rapid, and the 
cold feed water should be 
introduced at such a XDoint 
as to assist this circula- 
tion. 

There is no such thing 
as a “ most economical 
type” of boiler. Any 
type may be economical 
if the xn’0|)ortions are 
right. The grade of fuel 
used and the draft attain- 
able determine the neces- 
sary area of grate for a 
given fuel consumption. 
The heating surface must 
be sufficient to absorb the 
heat liberated by the fuel. 
The higher the rate of 
comWstion (pounds of fuel 
burned per square foot of 
grate per hour), the greater 
the relative amount of 
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APPLIED THERMODYNAMICS 



Kates of combustion range from 12 lb. ■with low grade hard coal and 
natural draft up to 30 or 40 lb. with soft coal;* the coiTesponding ratios 
of heating surface to grate surface may vary from 30 up to 60 or 70. 
The best economy has usually been associated with high ratios. The 
rate of evaiwration is the number of pounds of water evaporated per 
square foot of heating surface per hour; it ranges from 3.0 upward, de- 
pending upon the activity of circulation of water and gases, f An effective 
heating surface usually leads to a low flue-gas temperature and relatively 
small loss to the stack. Small tubes increase the efficiency of the heat- 
ing surface but may be objectionable with certain fuels. Tubes seldom 
exceed 20 ft. in length. In water-tube boilers, the arrangement of tubes 
is important. If the bank of tubes is comparatively wide and shallow, 
the gases may pass off without giving up the proper proportion of their 
heat. If the bank is made too high and narrow, the grate area may be 



too quicldy. 

670. Boiler Capacity. A boiler evaporating 3450 lb. of water per 
hour from and at 212° F. performs 970.4X778X3450=2,600,000,000 
foot-pounds of work, or 1300 horse power. No engine can develop 
this amount of power from 3450 lb. of steam per hour; the power 
developed by the engine is very much less than that by the boiler which 
supplies it. Hence the custom or rating boilers arbitrarily. By defini- 
tion of the American Society of Mechanical Engineers, a boiler horse 
power means the evaporation of SI-.} lb. of Avater per hour from and at 
212° F. This rating was based on the assumption (true in 137G, when 
the original definition was established) that an ordinary good engine 
required about this amount of steam per horse power hour. This 
evaporation involves the liberation of about 33,000 B. t. u. per hour. 
Under forced conditions, however, a boiler may often transmit as many 
as 25 B. t. u. per square foot of surface per hour per degree of tem- 
perature difference on the Uvo sides of its surface. 

571. Limit of Efidciency. The gases cannot leave the boiler at a 

lower temperature than that of the steam in the boiler. Let t be the 
initial temperature of the fuel and air, x the temperature of the steam, 
and T the teraxjerature attained by combustion ; then if V be the 
weight of gas and AT its specific heat, assumed constant, the total 
heat generated is t), the maximum that can be utilized is 

WIC(T— x), and the limit ci efficiency is 

T~x 

T~t' 

In practice, we have as usual limiting values ir=4850, x=S50, i=60 ; 
whence the efficiency is 0.94 — a value never reached in practice. 

572. Boiler Trials. A standard code for conducting boiler trials has 
been published by the American Society of Mechanical Engineers (2). 
A boiler, like any mechanical device, should be judged by the ratio of the 
work Avhich it does to the energy it uses. This involves measuring the 
fuel suppilied, determining its heating value, measuring the water evaporated, 
and the pressure and superheat, or wetness, of the steam. The result 
is usually expressed in pounds of dry steam evaporated per pound of coal 



If C be the heating value per pound of fuel, the efBciency is 970 FW~rC. 
Many excessively high values for efficiency have been reported in con- 
sequence of not correcting for wetness of the steam; the proportion 
of wetness may range up to I per cent in overloaded boilers. The 
highest well-confirmed figures give boiler efficiencies of about S3 per 
cent. The average efficiency, considering all plants, probably ranges 
from 0.40 to O.GO. 


673. Checks on Operation. A careful boiler trial is rather expensive, "^and 
must often interefere with the operation of the plant. The best indication of cur- 
rent efficiency obtainable is that afforded by analysis of the flue gases. It has 
been shown that maximum efficiency is attained when the percentage of carbon 
dioxide reaches a maximum. Automatic instruments are in use for continuously 
determining and recording the proportion of this constituent present in flue gases. 


576. Chimney Draft. In most cases, the high temperature of the flue gases 
leaving the boiler is utilized to produce a natural upward draft for the maintenance 
of combustion. At equal temperatures, the chimney gas would be heavier than the 
external air in the ratio (n-pl) -i-n, where n is the number of pounds of air supplied 
per pound of fuel. If T, t denote the respective absolute temperatures of air and 


gas, then, the density of the outside air being 1, that of the chimney gas is 


At 60° F., the volume of a pound of air is 13 cu. ft. 
of cross-sectional area A and height H is then 


T/n+1 
i 


The weight of gas in a chimney 


AIi21(1±1] ^ 13. 
t \ n J 


The “ pressure head,” or draft, due to the difference in weight inside and outside 
is, per unit area, 

p = H 

This is in pounds per square foot, if appropriate units are used ; drafts are, how- 
ever, usually stated in “ inches of water,” one of which is equal to -5.2 lb. per square 
foot. The force of draft therefore depends directly on the height of the chimney ; 
and since n + 1 is substantially equal to n, maximum draft is obtained when T~t 
is a minimum, or (since T is fixed) when t is a maximum; in the actual case, 
however, the quantity of gas passing would be seriously reduced if the value of t 
wei-e too high, and best results (3), so far as draft is concerned, are obtained when 
i : 7^ : : 25 : 12. 

To determine the area of chimney: the velocity of the gases is, in feet per 
second. 


T(n + 1 
t 


13. 


u = V^i = 8.03 VA = S.OsVf ’ 



3600 


their volume is 


3600 d 


and the area of the chinmey, in square feet, is 


C(n + 1) . 

3600 d ■ 



A slight increase may be made to allow for decrease of velocity at the sides. The 
results of this computation will be in line with those of ordinary “ chimney tables,” 
if side friction be ignored and the air supply be taken at about 75 lb. per pound 
of fuel. 


576. Mechanical Draft. In lieu of a chimney, steam-jet blowers or fans may 
be employed. Tlie.se usually cost le.ss initially, and more in maintenance. The 
ordinary steani-jet blower is wasteful, but the draft is independent of weather con- 
dillous, and may be greatly augmented in case of overload. The velocity of the 
air moved by a fan is 

V = v2 (jh, 


w’here h is the head due to the velocity, equal to the pressure divided by the 
density. Then 


V =-\j2 


yA and JO = ^ 


vM 

g' 


If a be the area over which the discharge pres.sure p is maintained, the work 
nece.s.sary is 17 = - 4 - 2 y. 

We may note, then, that the velocity of the air and the amount delivered 
vary as the peripheral speed of the wheel, its pressure as the square, and the 
power consumed as the cube, of that speed. Low peripheral speeds are 
therefore economical in power. They are usually fixed by the pressure 
required, the fan width being then made suitable to deliver the required 
volume. 


577. Forms of Fan Draft. The air may be blown into a closed fire room or 
ash pit or the flue gases may be sucked out by an induced draft fan. In the last 
case, the high temperature of the gases reduces the capacity of the fan by about 
one half; i.e., only one half the weight of gas will be discharged that would be 
delivered at 60° F. Since the density is inversely proportional to the absolute 
temperature, the required pres.sure can then be maintained only at a considerable 
increase in peripheral speed; which i.s not, however, accompanied by a concordant 
increa.se in power consumption. Induced draft requires the handling of a greater 
weight, as well as of a greater volume of gas, than forced draft; the necessary pres- 
sure is somewhat greater, on account of the frictional resistance of the flues and 
passages: high temperatures lead to mechanical difficulties with the fans. The 
difficulty of regulating forced draft has nevertheless led to a considerable applica- 
tion of the induced system. 



Fig. 277. Arts. 578, 579. — Sectional Elevation of Foster Superheater combined with Boiler 
and Kent Wing AVall Furnace. (Power Specialty Company.) 




continuously on a moving chain, the ashes being dropped at the back end. The 
gases from the fresh fuel pass over the hotter coke lire on the back portion of the 
grate. (See Fig. 278.) The second type comprises the inclined grate stokers. 
The high combustion chamber above the lower end of the grate is a decided advan- 
tage with many types of boilers. The smoke is distilled off at the “ coking plate.” 
The underfeed stoker feeds the coal by means of a worm to the under side of the fire, 
and the smoke passes through the incandescent fuel. All stokers have the advantage 
of making firing continuous, avoiding the chilling effect of an open fire door. Among 
soft coal furnaces not associated with stokers, one of the best kno-rni is the Hawley 
down draft. In this, there are two grates, coal being fired on the upper, through 
which the draft is downward. Partially consumed particles of coal (coke) fall 
through the bars to the lower gate, where they maintain a steady high temperature 
zone through which the smoking gases from the upper grate must pass on their 
way to the flue. 

579 . Superheaters ; Types. Superheating was proposid at an early date, and 
given a decided impetus by Him. After 1870, as higher steam pressures were 
introduced, superheating was partially abandoned. Lately, it has been reintro- 




Fig. 279. Art. 579. — Cole Superheater. (American Locomotive Company.) 


duced, and the use of superheat is now standard practice in France and Germany, 




spent gases. When it is merely desired to dry the steam, the “ superheater ” may 
be located in the flue, using waste heat only. When any considerable increase 
of temperature is desired, the superheater should be placed in a zone of the 
furnace where the temperature is not less than 1000° F. With a difference in 
mean temperature between gases and steam of 400° F., from 4 to 5 15. t. u. may be 
transmitted per degree of mean temperature difference per square foot of surface 
per hour (4). According to Bell, if *5 =amount of superheat, deg. F., T = temperature 

of flue gases reaching superheater, i = tem- 
perature of saturated steam, X = sq. ft. of 
superheater surface per boiler horsepower; 



10*S 


2{T-t) -S 


The location of the Babcock and Wilcox 
suirerheater is shown in Fig. 277; a similar 
arrangement, in Avhich the chain grate 
stoker is incidentally represented, is shown 
in Fig. 27S.In locomotive service (in which 
superheat has produced unexpectedly 
large savings) Field tubes may be era- 
„ , ployed, as in Fig. 279, the steam emerging 

uper eater ' ement. boiler at a, and passing through 

the header b to the small tubes c, c, c, in 
tlic fire tubes d, d, d (5). 

A typical superheater tube or “ element " is shown in Fig. 280. This is made 
double, the steam passing through the annular space. Increased heating surface 
is afforded by the cast ii-on rings a, a. In some single-tube elements, the heating 
.surface is augmented by internal longitudinal ribs. The tubes should be located 
so that the wettest steam will meet the hottest gases. 


Fig. 280. Art. 579. 

(Power Specialty Company.) 


580 . Feed-water Heaters. In Fig. 233, the condensed water is returned directly 
from the hot well 24, by way of the feed pump IV, to the boiler. This water is 
seldom higher in temperature than 125° F. A considerable saving may be effected 
by using exhaust steam to further heat the water before it is delivered to the boiler. 
The device for accomplisliing this is called the feed-water heater. With a condens- 
ing engine, us .shown, the water supply may be drawn from tb.e hot well and the 
nece.ssary oxhau.st steam supplied by the auxiliary exhausts 27 and 31; 1 lb. of 
steam at atmos])lieric pressure should heat about 9.7 lb. of water through 100°. 
Accurately, ir(xL-|-.'’i — gc) —w{Q—q), in which W is the weight of steam condensed, 
X is its flryne.ss, L its latent heat, h its heat of liquid, and w i.s the weight of feed 
water, the initial and final heat contents of whit^h are respectively q and Q. The 
heat contents of the steam after condensation arc go. Then 


581. Types, Feed-water heaters may be either 
“ open,” the steam and water mmng, or 
“ closed," the heat being transmitted through 
the s\irface of straight or curved tubes, through 
which the water circulates. Figure 281 shows a 
closed heater; steam enters at A and emerges 
at B, water enters at C, passes through the 
tubes and out at D. The openings E, E are 
for drawing off condensed steam. An open 
heater is shown in Fig. 282. Water enters 
through the automatically controlled valve a, 
steam enters at h. Tlie water drips over the 
trays, becoming finel}’^ divided and effectively 
heated by the steam. At c there is provided 
storage space for the mixture, and at d is a bed 
of coke or other absorbent material, through 
which the water filters upward, passing out at e. 
The open heater usually makes the water rather 
hotter, and lends itself more readily to the re- 
claiming of hot drips from the steam pipes, 
returns from heating systems, etc., than a heater 
of the closed type. Live steam is sometimes 
used for feed- water heating; the greater effective- 
ness of the boiler-heating surface claimed to arise 
from introducing the water at high temperature 
has been disjnited (6) ; but the high temperatures 
possible with live steam are of decided value in 
removing dissolved solids, and the waste of steam 
may be only slight. Closed heaters are, of course, 
used for this service, as also with the isodiabatic 
multiple exp.ansion cycle described in Art. 550, 
Removal of some of the suspended and dissolved 




solids is also possible in ordinary open-exhaust steam 
heaters. Various forms of feed-water filters are u.sed, 
with or without heaters. 

582. The Economizer. This is a feed-water 
heater in which the heating medium is the waste gas 
discharged from the boiler furnace. It may increase 
the feed temperature to 800° F. or more, whereas no 
ordinary exhaust steam heater can produce a tem- 
perature higher than 212° F. The gain by heating 
feed water is about 1 B.t.u. per i rund of water for 
each degree heated; or since average steam contahis 
1000 B. t.u. net, it is about 1 })er cent for each 10° 




and thus makes the possible sav- 
ing small. A typical economizer 
installation is shown in Fig. 283; 
arrangement is always made for 
by-passing the gases, as shown, to 
permit of inspecting and cleaning. 
The device consists of vertical cast- 
iron tubes with connecting headers 
at the ends, the tubes being some- 
times staggered so that the gases 
will impinge against them. The 
external surface of the tubes is 
kept clean by scrapers, operated 
from a small steam engine. The 
tubes obstruct the draft, and some 
form of mechanical draft is emi- 
ployed in conjunction with econo- 
mizers. From 85 to 5 sq. ft. of 
economizer surface are ordinarily 
used per boiler horse power. The 
rate of heat transmission (B. t. u. 
per square foot per degree of mean 
temperature difference per hour) is 
usua,lly around 2 . 0 . 

583. Miscellaneous Devices. 
A steam separator is usually placed 
on the steam pipe near the engine. 
This catches and more or less 
thoroughly removes any condensed 
steam, which might otherwise cause 
damage to the cylinder. Steam 
meters are being introduced for 
approximately indicating the 
amount of steam flowing through 
a pipe. Some of them record their 
indications on a chart. Feed-water 
measuring tanks are sometimes in- 
stalled, where periodical boiler 
trials are a part of the regular 
routine. The steam loop is a de- 
vice for retm-ning condensed steam 
direct to the boiler. The drii)s are 
piped up to a convenient height, 


wiicu ineir pressure is less than the boiler pressure. The ordinary 
steam trap merely removes condensed water vdthout permitting the discharge of 
uncondensed steam. Oil separators are sometimes used on exhaust pipes to keep 
back any traces of cylinder oil. 


584. Condensers. The theoretical gain by running condensing is .shown by 
the Carnot formula {T~t)-=rT. The gain in practice may be indicated on the 
PV diagram, as in Fig. 284. The shaded area represent.s 
work gained due to condensation; it may amount to 10 
or 12 lb. of mean effective pressure, which means about 
a 25 per cent gain, in the case of an ordinary simple 
engine.* This gain is principally the result of the intro- 
duction of cooling water, which usually costs merely the 
power to pump it; in most cases, some additional power 
is needed to drive an air pump as well. 

In the surface condenser the steam and the water do 
not come into contact, so that impure water may be used, 
as at sea, even when the condensed steam is returned to 
the boilers, t Such a condenser needs both air and 
circulating pumps. The former ordinarily carries away air, vapor and condensed 
steam. In some cases, the discharge of condensed steam is separately cared for 
and the dry vacuum pump (wliich should always be piped to the condenser at a point 
as far as possible from the steam inlet thereto) handles only air and vapor. 

The amount of conden.sing surface should be computed from Orrok’s formula 
{Jour. A. S. M. E., XXXII, 11) : _ 

(^r^ffiV V 



Fig. 284. Art. 584. — Sav- 
ing Due to Condensation. 


17 = 630 - 


'pJk 
J- m 


where f/ = B. t. u. transmitted per sq. ft. of surface per hour per degree of mean 
temperature difference between steam and water; 

C' = a cleanliness coefficient (tubes), betw'een 1.0 and 0.5; 
r=ratio of partial pressure of steam to the total absolute pressure in the 
condenser, depending on the amount of air present, and varjung 
from 1.0 to 0; 

m=a coefficient depending upon the material of thetube.s; 1.0 for copper, 
0.63 for Shelby steel, 0.98 for admiralty, etc., ranging down to 0.17 for 
a tube vulcanized on both sides, all of these figures being for new 
metal. Corrosion or pitting may reduce the value of vi 50 per cent; 

y =velocity of water in tubes, ft. per sec., usually between 3 and 12; 
irm = mean temperature difference between steam and w'ater, deg. F. For 
Tot = 18.3 (corresponding w'ith 28" vacuum, 70° temperatme of inl^ 
water, 90° temperature of outlet water), this becomes i^BCrhnVV. 
The former approximate expression of Whitham (7)_was 

-S = TFL-MS0(r-0, 

* In the case of the turbine, good vacuum is so important a matter that extreme 


lb. per hour, L the latent heat at the temperature T of the steam, and t the mean 
temperature of circulating water between inlet and outlet. With the same nota- 
tion, Orrok’s formula gives 

WL 


a_ WL 

UTn 


U{T-ty 


nearly. 


= 18.2, 7 = 16, XJ becomes approximately 180, 


With C = 0.8, r-=-0.S, w = 0.50, Tm- 
as in the \Miitham formula. 

Let ii, U be the initial and final temperatures of the water; then the weight w of 
water required per hoiu’ is T^L-^(C7 — a). The weight of water is often permitted 
to be about 40 times the weight of steam, a considerable excess being desii-ablo. 
The outlet temperature of the water in ordinary surface condensers will be from 
5° to 15° below that of the steam. The direction of flow of the water should 
be opposite to that of the steam. 

The jel coridcnscr is shown in Fig. 285. The steam and water mix in a chamber 
above the air pump cylinder, and this cylinder is utilized to draw in the water, if 
the hft is not excessive. Here U = T] the supply of water necessary 
is less than in surface condensers. With ample water supply, the 
surface condenser gives the better vacuum. The boilers may be 
fed from the hot w'ell, as in Fig. 233 (which shows a jet condenser 
installation), only when the condensing water is pure. 

The aiphon condenser is shown in Fig. 286. Condensation occurs 
in the nozzle, a, and the fall of w'atcr through h produces the 
vacuum. To preserve this, the lower end of the discharge pipe must 
be sealed as shown. The vacuum would draw w'ater up the pipe b 
and permit it to flow over into the engine, if it were not that the 
length cd is made 34 ft. or more, thus giving a height to which 
the atmospheric pressure cannot force the water. Excellent results 
have been obtained with these con- 
densers without vacuum pumps. 

In some cases, however, a “ dry” 
vacuum pump is used to remove 
air and vapor from above the 
nozzle. The device is then called 
a barometric condenser. The vacuum 
will lift the inlet water about 20 
ft., so that, unless the suction head 
is greater than this, no water sup- Fig- 285. Art. 584. — Horizontal Independent Jet 
ply pump is required after the Condenser, 

condenser is started. 

Either the jet or the siphon (or barometric) condenser requires a larger air pump 
than a surface condenser. Exi)prience has shown that there will be present 1 cu. 
ft. of free air (Art. 187) per 10 to 50 cu. ft. of water entering the air pump of a surface 
condenser or per 30 to 150 cu. ft. of water entering a jet or barometric condenser. 



au Jjuuip design ana tiie importance ot clearance in connpctimi 
witli high vacuums, see Cardullo, Practical Thermodynamic, 1911, p. 210.) 

585. Evaporative Condensers; Cooling Towers. Steam has occasionally been 
condensed by allowing it to pass through coils o^mr which fine streams, of v atcr 
trickled. The evaporation of the ' Se/i'efVa/vs 

water (which may be hastened by a 
fan) cools the coils and condenses the 
steam, which is <Irawn off by an air 
pump. With ordinary condensers 
and a limited water supjily cooling 
towers are sometimes used. These 
may be identical in construction 
with the evaporative condemsers, 
excepting that wjirm water enters 
tlie coils instead of steam, to be 
cooled and used over again; or 
they may consist of open wood 
mats over which the water falls 
as in the o]ien tyjio of feed-water 
healer. Eva])oration of a portion 
of the water in question (which 
need not be a large jirojiortion of 
the whole) and warming of the 
air then cools the remainder of 
the water, the cooling being facili- 
tated by placing the mats in a 

cylindrical tower through which 2b(i. Art. 5S1.-Bulklcy Injector Condenser, 
there is a rapifl ujnvard current of 

air, naturally or artificially produced (8). The cooling pond (8a) is ecpiivalcnt to a 
tower. 



586. Boiler Feed Pump. This may be either .steam-driven or power-driven 
(as may also be the condenser pumps). Steam-driven puniji.s .should be of the 
duplex type, with plungers packed from the outside, and with individually aeees- 
sible, valves. If they are to pump hot water, special materials mii.st lie u.sed for 
exposed parts. The power pump has usually three singde-acling water cylinders. 
There is much discussion at the pre.sent time as to the comparative economy of 
steam- and power-driven auxiliaries. The .steam engine portion of an ordiiiary 
small pump is extremely inefficient, while power-driven pumps can be ojierated. at 
little loss, from the main engines. The general use of exhaust steam from aux- 
iliaries for feed-Avater heating ceases to be an argument in their favor whim econo- 
mizers are used; and in large plants the difference in cost of attendance in favor 
of motor-driveu auxiliaries is a serious item. 


consists essentially of a steam nozzle, a combining chamber, and a delivery tube. 
In Fig. 287, .steam enters at A and expands through B, the amount of expansion 
being regulated by the valve C. The water enters at D, and condenses the 
steam in We have here a rapid adiabatic expansion, as in the turbine; the 
velocity of the water is augmented by the impact of the steam, and is in turn con- 
verted into pressure at jP. In starting the injector, the water is allowed to flow 
away through G ; as soon as the velocity is sufficient, this overflow closes. An in- 
jector of this form will lift the water from a reasonably low suction level ; when 
the water flows to the device by gravity, the valve C may be omitted. 



A self-starting injector is one in which the adjustment of the overflow at G is 
automatic. The ejector is a similar device by which the lifting of water from 
a w^ll or pit against a moderate delivery head (or none) is accomplished. The 
siphon condenser (Art. 584) involves an application of the injector principle. The 
double injector is a series of successive injectors, one discharging into another. 

588. Theory. Tet x, L, h be the state of the steam, JET the- heat in the 
water, and v its velocity; Q the heat in the discharged water at its veloc- 
ity V. The heat in one pound of steam is -f 7^ ; the heat in one pound 
of water supplied is jET, and its kinetic energy v^-i-2g) the heat in one 
pound of discharge is Q, and its kinetic enersv -i- 2 o. Let each noimd 




The values of — and may ordinarily be neglected, and 

xL-{-7i—Q 

In another form, y{Q — II)= xL 4- A — Q, or the heat gained by the water 
equals that lost by the steam. This, wiiile not rigidly correct, on account 
of the changes in kinetic energy, is still so nearly true that the thernnil 
efficiency of the injector may be regarded as 100 per cent ; from this stand- 
point, it is merely a live-steam feed-water heater. 

589. Application. The formula given shows at once the relation between 
steam state, water temperature, and quantity of water per pound of steam. A.s 
the water becomes initially hotter, less .steam Ls required ; but injectors do not 
handle liot Avater well. Exhaust steam may be u.sed in an injector ; the pre.ssuro 
of discharge is determined by the velocity induced, and not at all by the initial 
pressure of the steam; a large steam nozzle is required, and the exhaust injector 
will not ordinarily lift its own water sui^ply. 

690. Efficiency. Let S be the head against which discharge is made; 
then the work done per pound of steam is (l-l-y)^^ foot-x)ounds ; the 
efficiency is /S(l +y)-i- (xL Q)j ordinarily less thai’r one per cent. 

This is of small consequence, as practically all of the heat not changed to 
work is returned to the boiler. Let W be the velocity of the steam issuing from 
tlie nozzle; then, since the momentum of a system of ela.stic bodies remains con- 
stant during imp)act, W + yir —{l + y) V. The value of W may be expressed in 
terms of the heat quantities by combining this equation with that in Art. 588. The 
other velocities are so related to each other as to give orifices of reasonable size. 
The practical proportioning of injectors has been treated by Kneass (9). 

(1) Finlay, Proc. A. I. E. E., 1907. (2) Trans. A. S. M. E., XXI, 34. (3) Ran- 
kine, The Steam Engine, 1807, 289. (4) Loiigridge. Proc. Just. M. E., 1896, 176. 

(5) Trans. A. S. M. E., XXVIII, 10, 1606. (6) bilbrougli, Power, May 12, 1908, 

p. 729. (7) Trans. A. S, M. E., IX, 431. (8) Bibbins, Trans. A. S. M. E., XXXI, 

11; Spangler, Applied Thermodynamics, 1910, p. 152. (Sa) CarduUo, Practical 
Thermodynamics, 1911, p. 264. (9) Practice and Theory of the Injector. 

SYXOPSIS OF CHAPTER XVI 

Hard coal requires high draft ; soft coal, a high rate of air supply. 

In spite of its higher cost, commercial factors sometimes make soft coal the cheaper 

fuel. 

Heating values: fuel oil, 18,000; wood, 6500-8500; coals, 8800-15,000 ; B. t. u. per 

TK + Uunt tinUir. 


may "be indicated 1)7 automatic records of carbon dioxide. 

Types of boiler : -water-tube, horizontal tubular, locomotive, marine ; conditions of 
efficiency. 

Attention should be given to the circulation of the gases and water. 

A boil''r = lb. of water per hour from and at 212° F., approximately 33,000 
B. t. u. per hour. 


Limit of efficiency = 


T— X . 
T-t' 


say 0.94 ; never reached in practice. 


Boiler efficiency — '•> i^sually 0.40 to 0.(30 ; may be 0.83. 

Furnace efficiency = . Heating surface efficiency = . 

heat in fuel heat in gases 

Ohimmy draft = -ff { 1 - f (^) } + IS : area = -a 8.08^ . 


Fan draft : v= V2 yh, p — 


v-d 


IV = • 


slow speeds advantageous. 


In induced draft, the fan is between the furnace and the chimney ; enforced draft, it 
delivers air to the ash pit. 

Mechanical stokers (inclined grate, chain grate, underfeed), used with soft coal, aim 
to give space for the hydrocaxbonaceous flame without permitting it to impinge on 
cold surfaces. 


Superheaters may be located in the flue, or, if much superheating is required, may be 
separately fired. About 5 B. t. u. may be the transmission rate. 

Feed-ioater heaters may be open or closed: lo = j for open heaters, go = Q. 

Q ~ 0. 

The economizer uses the waste heat of the flue gases : saving per pound of fuel 
= WK{T—t). From 3| to 5 sq. ft. of surface per boiler hp. 

Condensers may be surface, jet, evaporative, or siphon; w = WL-r-{U—u); 

S = WL~ Z7( T~ t); U = 630 — . The siplioii condenser may operate wdtli- 

out a vacuum pump. 

The use of steam-driven auxiliaries affords exhaust steam for feed-water heating. 


The injector converts heat energy mto velocity: ?/ = 
W+yy..it+y)T. 


xjj h — Q 
q-H ’ 


efficiency = 


PROBLEMS 

1. One pound of pure carbon is burned in 16 lb. of air. Assuming reactions to 
be perfect, find the percentage composition of the flue gases and the rise in tempera- 
ture, the specific heats being, COj, 0.215 ; N, 0.245 ; 0, 0.217. 


in the flue gases, if their temperature is 600° F., assuming the speciflc heats of the 
gases to be constant ? The initial temperature of the fuel and air supphed is 0° F. 

4. The boiler in Problem 2 burns 350 lb. of coal (14,000 B. t. u. per pound) per 
hour. What is its efficiency ? 

5. In Problem 1, if the gas temperature is 600° F., the air temperature 60° F., 
compare the densities of the gases and the external air. What must be the height of 
a chimney to produce, under these conditions, a draft of 1 in. of water ? Find the 
diameter of the (roimd) chimney to bum 5000 lb. of coal per hour. (Assume a 75 
lb. air supply in finding the diameter.) 

6. Two fans are offered for providing draft in a power plant, 15,000 cu. ft. of 
air being required at 1 J oz. pressure per minute. The first fan has a wheel 30 in. in 
diameter, exerts 1 oz. pressure at 740 r.p. m., delivers 405 cu. ft. per minute, and 
consumes 0.10 hp., both per inch of wheel width and at the given speed. The second 
fan has a 54-inch wheel, nxns at 410 r. p. m. when exerting 1 oz. pressure, and 
delivers 720 cu. ft. per minute with 0.29 hp., both per incli of wheel width and at the 
given speed. Compare the widths, .speeds, ixeripheral speeds, and power consump- 
tions of the two fans under the required conditions. 

7. Dry steam at 350° F. is superheated to 450° F. at 135 lb. pressure. The flue 
gases cool from 900° F. to 700° F. Find the amount of superheating surface to pro- 
vide for 3000 lb. of steam per hour, and the weight of gas passing the superheater. 
If 180 lb. of coal are burned per hour, what is the air supply per pound of coal ? 

8. Water is to be raised from 60° F. to 200° F. in a feed-water heater, the weight 
of water being 10,000 lb. per hour. Heat is supplied by steam at atmospheric pres- 
sure, 0.95 dry. Find the weight of .steam condensed (a) in an' open heater, (b) in a 
closed heater. Find the surface necessary in the latter (Art. 584). 

9. In Problem 3, what would be the percentage of saving due to an economizer 
which reduced the gas temperature to 400° F. ? 

10. An engine discharges 10,000 lb. per hour of steam at 2 lb. absolute pressure, 
0.95 dry. Water is available at 60° F. Find the amount of water supplied for a jet 
condenser. Find the amount ''of surface, and the water supply, for a surface con- 
denser in which the outlet temperature of the water is 85° F. If the surface con- 
denser is operated with a cooling tower, Avhat weight of water will theoretically be 
evaiiorated in the tower, a.ssuming tlie entire cooling to be due to such evaporation. 
(N. B. A large part of the cooling is in practice effected by the air.) 

11. Find the dimensions of the cylmders of a triplex .single-acting feed pump to 
deliver 100,000 lb. of water per hour at 60° F. at a piston speed of 100 ft. per minute 
and 30 r. j). m. 

12. Dry steam at 100 It. pressure supplies an injector which receives 3000 lb. of 
water per hour, the inlet temperature of the w'ater being 60° F. Find the weight of 
steam used, if the discharge temperature is 165° F. 

13. In Problem 12, the boiler pressure is 100 lb. AVhat is the efficiency of the 


16. Circulating water pumped from a surface condenser to a cooling tower loses 
4^ per cent of its weight hy evaporation and is cooled to 88° F. If the loss is made 
up hy city water at 55°, fed continuously, what is the temperature of the water 
entering the condenser ? 

17. Steam at 100 Ih. absolute pressure and 500° F. is used in an open feed-water 
heater to warm water from 60° to 210°. How much water will be heated by 1 lb. 
of steam ? 

18. Steam at 150 lb. absolute pressure, 2 per cent wet, passes through a super- 
heater which raises its temperature to 500° F. How much heat was added to each 
lb. of steam ? 

19. 20,000 lb. of steam at 150 lb. absolute pressure, 2 per cent wet, are super- 
heated 200° in a separately-fired superheater of 0.70 efficiency. What weight of coal, 
containing 14,000 B. t. u. per lb., will be required ? 



CHAPTER XVII 


DISTILLATION — FUSION— LIQUEFACTION OF GASES 
Vacuum Distillation 

591. The Still. F igiire 288 represents an ordinary still, as used for 
purifying liquids or for the recovery of solids in solution by concentration. 
Externally axiplied heat evaporates the liquid in ^1, which is condensed at 

H B. All of the heat ab- 

sorbed in A is given up at 
B to the cooling rvater; 
the only wastes, in theory, 
arise from radiation. Con- 
ceive the valve c to be 
closed, and the space from 
the liquid level d to this 
valve to be filled with satu- 
rated vapor, no air being 
present in any part of the 
apparatus. Then when the 
value c is opened, a vacuum wdll gradually be formed throughout the 
system, and evaporation will proceed at lower and lower temperatures. 

Since the total heat of saturated vapor decreases with decrease of 
pressure, evaporation wdll thus be facilitated. In practice, however, the 
apparatus cannot be kept free from air ; and, notwithstanding the opera- 
tion of the condenser, the vacuum would soon be lost, the pressure increas- 
ing above that of the atmosphere. This condition is avoided by the use 
of a vacuum pump, which may be applied at e, removing air only; or, in 
usual practice, at/, removing the condensed liquid as well. Evaporation 
now proceeds continuously at low pressure and temperature. The possi- 
bility of utilizing low-temperature heat now leads to marked economy. 



WATER OUTLET/ 


Fig. 288.. Art. 591. —Still. 






(Art. 594). 


593. Newhall Evaporator. This is shown in Fig. 289. Steam is used 
to supply heat; it enters at ^1, and pas.ses tluumgh the chambers A^, 

to the tubes B, B. After passing through the tubes, it collects in the 
chambers C^, C^, from which it is drawn olf by the trap D. The liquid 
to be distilled surrounds the tubes. The vapor forms in E, passes around 
the baffle plate F and out at G. The concentrated liquid is drawn off from 
the bottom of the machine. 

594. Multiple-effect Evaporation. Conceive a second apparatus 
to be set alongside that just described ; but instead of supplying 



Fig. 2D0. Art. Wo. — Triple Effect Evaporator. 



proceed without the expenditure of additional heat, the liquid being 
partially evaporated and the vajDor partially condensed by the inter- 
change of heat in the second stage, the jressure in the shell (^outside 
the tubes') being less than that in the first stage. The construction will 
be more clearly understood by reference to Fig. 290 (la) . 

595 . Yaryan Apparatus. Here the heat is applied outside the tubes, 
the liquid to be distilled being inside. The liquid is forced by a pump 
through a small orifice 
at the end of the tube, 
breaking into a fine 
spray during its pas- 
sage. The fine sub- 
division and rapid 
movement of the 
liquid facilitate 
the transfer of heat. 

The baffle plates E, 

E, Fig. 291, serve to 
separate the liquid and Fig. 291. Art. 595. — Yaryan Evaporator. 

its vapor, the former 

settling in the chamber 6, the latter passing out at c. Figure 290 shows a 
“ triple-effect or three-stage evaporator; steam (preferably exhaust 
steam) enters the shell of the first stage. The liquor to be evaporated 
enters the tubes of this stage, becomes partly vaporized, and the separated 
vapor and liquid pass oft’ as just described. From the outlet c, Fig. 291, 
the vajiors pass through an ordinary separator, which removes any ad- 
ditional entrained liquid, discharging it back to b, and then proceed to 
the shell of the second stage. Meanwhile the liquid from the chamber b 
of the first stage has been pumped, through a hydrostatic tube which 
permits of a difference in pressure in two successive sets of tubes, into the 
tubes of the second stage. As many as six successive stages may be 
used;* the vapors from the last being drawn off by a condenser and 
vacuum pump. The liquid from the chamber h of the last stage is at 
maximum density. 

596 . Condition of Operation. The vapor condensed in the various 
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drawn off and wasted, or, if the temperature is sufficiently high, 
employed in the power plant. The condenser is in communication 
with the last tubes, and, through them, with all of the shells and tubes 
excepting the first shell; but between the various stages we have the 
heads of liquid in the chambers h, which permit of carrying different 
pressures in the different stages. A gradually decreasing pressure 
and temperature are employed, from first to last stage; it is this which 
permits of the further boiling of a liquid already partly evaporated in a 
former effect. The pre.ssure in the tubes of any stage is always less 
than that in the surrounding shell; the pressure in the shell of any 
stage is equal to that in the tubes of the previous stage. 

597. Theory. Let IF he the weight of dry steam supplied; the 
heat which it gives up i.s WL. Let w be the weight of liquid enter- 
ing the first stage, R its heat, and h and I the heat of the liquid and 
latent heat coiTesi:)onding to the pressure in the first-stage tubes. If 
X pounds of this liquid are evaporated in the first stage, the heat 
supplied is xl -t- w(Ji — L?), theoretically equal to WL’, whence 

= [ TO - iv(]i - H)~\ ^ 1. 

Then x pounds of vapor enter the shell of the second stage, giving 
up the heat xl. The weight of liquid entering the tubes of the 
second stage is w — x. Let the latent heat and heat of liquid at 
the pressure in the tubes of this stage be m and i: then the heat ab- 
sorbed, if y jjounds be eva2:)orated, is ym -f- (lo — x')(i — A), the last 
term being negative, since i is less than h. Tlien 

y = [xl — (lo — x)Ql — )] -7- m. 

Consider now a third stage. The heat supplied may be taken at ym ; 
the heat utilized at 

zM (w — X — y')(I — i), 

(z being the weight of liquid evaporated, Af its latent heat, and /the 



and radiation loss. For a triple-effect evaporator, the total evaporation per W 
ponnds of steam supplied is a; -I- y + z. Let W — 1, and let the steam be supplied 
at atmospheric j)ressure, the vacuum at the condenser being 0.1 lb. absolute, and 
the successive shell pressures 14.7, 8.1, 1.5. The pressures in the tubes are then 
8.1, 1.5, and 0.1 : Avhence 11= 970.4, / = 987.9, A = 151.:5, m = 1027.8, z =81.9, 1=6.98, 
ilf = 1048.1. Let H be 100, the liquid being .supplied at 132° F. A definite re- 
lation must exist between ro and W, in order tluit the supply of vapor to the last 
effect, y, may be sudieient to produce evaporation, yet not so great as to burden the 
apparatus; this is to be deteriniiied by tlie do;gree of concentration desired in any 
particular case, whence x y + z— (/)zr, in which (/) represents the proportion of 
liquid to be evaporated. Let (/) = 1.0, as is practically the case in the distillation 
of water; then u)=x + y-\-z. We now have, x = 0.982 — 0.0521 ic, ?/ = 0.88 + 0.0211 
2 : = 0.726 + 0.094 70, X + 7/ + 2 = 7c = 2.588 + 0.063 ?<;, whence 70 = 2.76. This is 
equivalent to about 27.6 lb. of water evaporated per pound of coal burned under 
the best conditions. By increasing the number of effects, evaporation rates up to 
37 lb. have been attained in the triple-effect machine. A sextuple-effect apparatus 
has given an evaporation of 45 lb. of water per lb. of combustible in the coal. 

599 . EflELciency. The heat expended in evaporation is in this case 

= 3080 B. t. u. The heat supplied by the steam was WL = 970.4 B. t. u. The 
efficiency is, therefore, apparently 3.18, a result exceeding unity. A large amount 
of additio'nal heat has, however, been furnished hy the substance itself, which is 
delivered, not as a vapor, but as a liquid, at the condenser. 

600 . Water Supply. The condenser being supplied per jjound of steam 
supplied to the first stage with v pounds of water, its heat increasing from 
n to N, the heat interchange is 2 ili'=v(iV’—n,), whence, v=zM^ {N—n), the 
liquid being discharged at the boiling point corresponding to the pressure 
in the condenser. In this case, for JSF — 11 — 25, v = 4,0.2 lb., or the water 
supply is 40.2 - 4 - 2.76 = 14.5 lb. per pound of liquid evaporated. Some ex- 
cess is allowed in practice : the greater the number of effects, the less, gen- 
erally speaking, is the quantity of water required. 

601 . The Goss Evaporator. This is shown in Fig. 292. Steam enters 
tlie first stage F from the boiler G, say at 194 lb. pressure and 379° F. 
The liquid to be evap)orated (water) here enters the last stage A, say at 
62° F. ; the boiling of the liquid in each successive stage from F to A 
produces steam which passes to the interior tube of the next succeeding 
stage, along with the water resulting from condensation in the interior tube 
of the previous stage. The condensed steam from the first stage, is, how- 
ever. returned to the boiler. Avhich thus nnerates like a honse-heatins? boiler. 




Fig. 292. Art. GOl, Prob. 3. — Goss Evaporator. 





heat supplied for the assigned temperature and corresponding pressure. 
Finally, in A, no evaporation occurs, the incoming liquid being merely 
heated ; and it is found that the weights of discharged liquid and incoming 
liquid are equal, amounting each to 4.011 lb. The steam supplied by the 
boiler may be computed; in F, we condense steam at 379° F., at which its 
latent heat per pound is 845.8. K is assumed that S per cent of the heat 
supj)lied in each effect is lost hy evaporation; the available heat in each pound 
of steam supplied is then 0.97 x 845.8 = 820.426. This heat is expended in 
evaporating 1 lb. of water at 312.6° to dry steam at 345.8°, requiring 

1187.44 — 282.26 = 905.18 B. t. u., for which =1.1 lb. of steam are 

820.43 


required. The whole evaporation for the six-effect apparatus is — 


3.646 lb. per pound of steam. For the second effect, E, the heat supplied 
is = 870.66, gross, or 0.97 x 870.66 = 844.54, net. The heat utilized 
is 1.873(282.22 - 248.7) + (0.873 x 895.18) = 844.54. In D, the heat supplied 
is 0.97[(0.873 X ii.> 3 , 2 .(i) + 1(316.98 — 282.22)] :-= 790.8 ; that utilized is 
2.633(248.7 - 215.3) + (0.76 X 918.42) = 790.8. The heat interchange is 
perfect ; it should be noted that the liquid to be evaporated and the heat- 
ing medium are moving in opposite directions This involves the use of a 
greater amount of heating surface, but leads, ''.o higher efficiency, than the 
customary arrangement. An estimated ecoi omy of 60 lb. of water per 
pound of coal is possible with seven stages (1). 


The Petleton evaporator, instead of reducing the pressure over the liquid to 
permit of easier vaporization, mechanically comyressed the vapor previously removed 
and thus enabled it to further vaporize the remaining liquid. Steam was used to 
start the apparatus. The vapor generated was compressed by a separate pump to 
a higher pressure and temperature and was then passed back through a coil in 
contact with the residual liquid. Here it gave up its heat and was condensed and 
trapped off. Enough additional vapor was thus produced to maintain operation 
without the further supply of steam. With an efficient pump, the fuel consump- 
tion may be less than half that ordinarily reached in triple effect machines. 




dT 

consequently V~v has in all cases a positive value, and hence must 

be positive; i.e. increase of pressure causes an increase in temperature. 
It is universally true that the boiling points of substances are increased by 
increase of loressure, and vice versa, at points below the critical tempera- 
ture. If for any vapor we know a series of corresponding values of V, L, 
T, and v, we may at once find the rate of variation of temperature with 
pressure. 

603. Fusion. The same expression holds for the change of state de- 
scribed as fusion ; the Carnot cycle, Figs. 162, 1G3, may represent melting 
along ab, adiabatic expansion of the liquid along he, solidification along 
ed, and adiabatic compression of tlie solid to its melting point along da. 
In this case, V does not always exceed v ; it does for the majority of sub- 
stances, like wax, spermaceti, sulphur, stearine, and paraffin, which con- 
tract in freezing ; and for these, we may expect to find the melting point 
raised by the application of pressure. This has, in fact, been found to be 
the case in the experiments of Bunsen and Plopkins (2). On the other 
hand, those few substances, like ice, cast iron, and bismuth, which expand 
in freezing, should have their melting points lowered by pressure ; a result 
experimentally obtained, for ice, by Kelvin (3) and Mousson (4). The 
melting point of ice is lowered about 0.0135° F, for each atmosphere of 
pressure. The expansion of ice in freezing is of practical consequence. A 
familiar illustration is afforded by the bursting of water pipes in winter. 

604. Comments. As the result of a number of experiments with non-metallic 
substances, Person (5) found the following empirical formula to hold : 

L=^{C~c){T+2m), 

in which L is the latent heat of fusion, C, c are the specific heats in the 
liquid and solid states respectively, and 7 the Fahrenheit temperature of fusion. 
Another general formula is given for metals. A body may be reduced from the 
solid to the liquid state by solution. This operation is equivalent to that of fusion, 
but may occur over a wider range of temperatures, and is accompanied by the ab- 
sorption of a different quantity of heat. The applications of the fundamental 
formulas of thermodynamics to the phenomena of solution have been shown by 
Kirchoff (6). The temperature of fusion is that highest temperature at which the 
substance can exist in the solid state, under normal pressure. The latent heat of 
fusion of ice has a p)henomenally high value. 




Liquefaction- of Gases 

605. Graphical Representation. In Fig. 293, let a represent the 
state of a superheated vapor. It may he reduced to saturation, and 
liquefied, either at constant pressure, along acd^ 
the temperature being reduced, or at constant 
temperature along aSe, the pressure being in- 
creased. After reaching the state of satura- 
tion, any diminution of volume at constant 
temperature, or any de- 
crease in temperature at 
constant volume, must 
produce partial lique- 
faction. Constant tem- 
perature liquefaction is not applicable to gases 
liaving low critical temjDeratures. Thus, in 

Fig. 294, a5 is the liquid line and cd the 294. Art. 605.— Liquefac- 
, , . „ , T • 1 , 1 , tion and Critical Temperature, 

saturation curve ot carbon dioxide, the two 

meeting at the critical temperature of 88° F. From the state e 
this substance can be liquefied only by a reduction in temperature. 
With ” gases, having critical temperatures as low as 

— 200° C., an extreme reduction of temperature must be effected 
before pressure can cause liquefaction. 


Fi(i.293. Art.(i05. 
faction of Superheated 
Vapor. 



606. Early Experiments. Monge and Clouet, prior to ISOO, Lad liquefied sul- 
pliur dioxide, and Nortlunore, in 1805, produced liqtiid chlorine and possibly also 
sulphurous acid, in the same manner as was adopted by Faraday, about 1823, in 
liquefying chlorine, hydrogen sulphide, carbon dioxide, nitrous oxide, cyanogen, 
ammonia, and hydrochloric acid gas. The apparatus consisted simply of a closed 
tube, one end of Avhich was heated, while the other was plunged in a freezing mix- 
ture. Pressures as high as 50 atmospheres were reached. Colladon supplemented 
this apparatus with an expansion cock, the sudden fall of pressure through the 
cock cooling the gas; and in Cailletet’s bauds this apparatus led to useful results. 
Tliilorier, utilizing the cooling produced by the evaporation of liquid carbon diox- 
ide, first produced that substance iii the solid form. Flatterer compressed oxygen 
to 4000 atmospheres, making its density greater than that of the liquid, but with- 
out liquefying it. Faraday obtained minimum temperatures of — 166° F. by the 
use of .solid carbon dioxide and ether in vacuo. 



principle involved. Let the gas be com- 
pressed isothermally from P to a, expanded 
throngli an orifice along ab^ re-compressed to 
c, again expanded to c?, etc. A single cycle 
might suffice -with carbon dioxide, while 
many successive compressions and expansions 
would be needed with a more permanent gas. Fig. 2S)5. Art. got.— L ique- 
The Tjrocess continues, in all cases, until the Pressure auci 

^ Cooling. 

temperature falls below the critical point; 

and at x the substance begins to liquefy. The action depends upon 
the cooling resulting from unrestricted expansion. With an abso- 
lutely perfect gas, no cooling would occur; the lines ccZ, etc., 
would be horizontal, and this method of liquefaction could not be 
applied. The “perfect gas,” in point of fact, could not be liquefied. 
All common gases have been liquefied. 

608. Modern Apparatus. Cailletet and Pictet, independently, in 1877, 
succeeded in liquefying oxygen. The Pictet apparatus is shown in 
Fig. 296. The jacket a was filled with liquid sulphur dioxide, from which 

and delivered to the condenser h. 
The compressor c re-delivered this 
substance in the liquid condition 
to the jacket, cooling in d a quan- 
tity of carbon dioxide which was 
itself compressed in e and used as 
a cooling jacket for the oxygen 
gas in f. The oxygen w^as formed 
in the bomb p, and expanded 
through the cock li, producing a 
fall of temperature which, sup- 
plemented by the cooling effect 
of the carbon dioxide, produced 
liquid oxygen. The series of cooling, agents used suggested the name 
cascade system. 


the vapor was drawn off by a pump. 




609. Dewar’s Experiments. Dewar liquefied air in 1884 and nitrogen about 


bon dioxide. 


610. Regenerative Process ; Liquid 
Air. Tlie fall of temperature ac- 
companying a reduction in j)ressnre 
has been utilized by Linde (7) and 
others in the manufacture of liquid 
air. In the first form of apparatus, 
shown in Fig. 297, air was com- 
pressed to about 2000 lb. pressure in 
a three-stage machine A, and after 
cooling in B was delivered to the 
inner tube of a double coil through 
which it passed to the expansion 
valve B. Here a considerable fall 
of temperature took place. The 
cooled and expanded air then passed 
back through the outer tube of the*'“'“^- Art. 610.-Liquetaotionof Air. 

coil, cooling the air descending the inner tube, and was discharged 
at F. The effect was cumulative, and after a time licxuid air was 
de]30sited in F. In the x)resent type of maclhne, the coiujpressor 
takes its supx)ly from F^ a decided improvement. The regenerative 
principle has been adopted in the recent forms of ajDparatus of 
Hampson, Solvay, Dewar, and Trijjler. 

The latent heat of evaporation of air at atmos^jberic pressure is about 140 
B. t. u. (8). In its commercial form, it contaiiivS small j)articles of solid carbon 
dioxide ; -ndien these are removed by filtration, the liquid becomes clear. The 
boiling point of nitrogen is somewhat higher than that of oxygen; fairly pure 
liquid oxygen may, therefore, be obtained by allowing liquid air to partially 
evaporate (0). The cost of production of liquid air has been carefully estimated 
in one instance to approach 22 cents per pint (10). 

(1) Trans. A. S. M. jS'., XXV, 03. The steam table used was Peabody’s, 1890 ed. 
The temperatures noted on Fig. 202 are approximate: tliose in the text are correct. 
(1 a) See the paper by Newhall, before the Louisiana Sugar Planters’ Association, 
June 13, 1907. (2) Rej).. B. A., 1854, 11, 58. (3) PkiL Mag., 1850: III, xxxvii, 123. 

(4) Deschanel, Natural Philosophy (Everett tr.), 1893, II, 331. (5) Ann. de Chem. 
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Distillation 

The still is a device for purifying liquids or recovering solids hy partial evaporation. 

By evaporation in vacuo, the heat consumed may be reduced in many important 
applications : waste heat may be employed. 

Steam may supply the heat ; in the Newhall apparatus, the steam circulates through 
tubes. 

In the Yaryan apparatus, the steam surrounds the tubes. 

The vapors rising from the .solution may supply the heat required in a second “ effect,” 
provided that the solution there is under a less pressure than in the first stage. 

As many as six stages are used, the pre.ssure on the solution decreasing step by step. 

Evaporation per effect : x = — T/) . ^ _ xl — _ (w — • 

I m 

z — ~ ~ ~~ 

M 

In a typical case, the triple-effect machine gives an evaporation of 2.70 lb. per pound of 
steam. 

Water reqxdred at the condenser per pound of liquid evaporated = 

(iV— n) 

In the Goss evaporator, the steam and the S(jlution move in opposite directions ; this 
increases the necessary amount of surface, but also the qfflciency. Petleton 
evaporator. 


Fusion 

The formula V — v = — applies to fusion. The meltinrj points of substances 

may be either raised or hnoered hy the application of pressure, according as the 
specific volume in the liquid state is greater or less than that in the solid state. 

The melting point of ice is lowered about 0.0135° F. per atmo.sphere of pressure imposed. 
i=(C' — c)(T'-f 25G) for non-metallic substances. 


Liquefaction of Gases 

A vapor below the critical temperature may be liquefied either at constant qores sure or 
at constant tepiperature. 

No substance can be liquefied unless below the critical temperature. 

A few common substances have been liquefied by the use of pressure and freezing 
viixtur'es. 

A further lowering of temperature is produced by free expansion. 

Liquefaction may be accomplished with actual gases by successive compressions and 
free expansions. 

The Pictet apparatus (cascade systexyi) employed the latent heat of vaporization of 

CJiPr»c»C!Ci\7ra flniilc! frv nr\v\l 


PROBLEMS 


1 . Water entering a still at 40° F. is evaiDorated, (a) at atmospheric pressure, 
(&) at 2 Ih. absolute pressure. What is the saving in heat in the latter case ? What 
more important saving is possible ? 

2. Water entering a double-effect evaporator at 80° F. is completely distilled, the 
steam supplied being dry and at atmospheric pressure, the pressure in the second-stage 
shell being 8 lb. and that in the second-stage tubes 1 lb. Cooling water is available at 
60° F. The temperature of the circulating water at the condenser outlet is 80°. 
Find the steam consumption per pound of water evaporated and the cooling water 
consumption, if the vacuum pump discharge is at 85° F. 

3. In Fig. 202, take temperatures as given ; assume one pound of water to be com- 
pletely evaporated in F, and complete condensation to occur in the inner tube of each 
effect; and compute, allowing 3 per cent for radiation, as in Art. 601 : 

(a) The weight of steam condensed in F. 

(b) The weight of steam evaporated in F, and of water delivered to F, 

(c) The weight of boiler steam used per pound of water evaporated in the whole 
apparatus. Use the steam tables on pp. 247, 248. 

4. The weight of one cubic foot of HoO at .32° F. and atmospheric pressure being 
67,5 lb. as ice and 02.42 lb. as water, and the latent heat of fusion of ice being 142 
B. t, u., find how much the melting point of ice •will be lowered if the pressure is 
doubled (Art. 603). 

5. The specific heat of ice being 0.504, find its latent heat of fusion at 32° F. front 
Art. 604. 

6. How much liquid air at atmospheric pressure would be evaporated in freezing 
1 lb. of water initially at 00° F, ? 

7. In a Pictet apparatus, Fig. 296, 1 lb, of air is liquefied at atmospheric pressure, 
free expansion having jn’eviously reduced its temperature to the point of liquefaction. 
The condensation is produced by carbon dioxide, which evaporates in the jacket with- 
out change of temperature, at such a pressure that its latent heat of vaporization is 
200 B. t. u. How many x^ounds of carbon dioxide are evaporated ? This dioxide is 
subsequently liquefied, at a higher inessure and while dry (latent heat =120), and 
cooled through 100° F. Its specific heat as a liquid may be taken as 0.4. The lique- 
faction and cooling of the carbon dioxide are produced by the evaporation of sulphur 
dioxide (latent heat 220 B. t. u.). What weight of sulphur dioxide will be evap- 
orated per pomtd of air liquefied ? Why would the operation described be imprac- 
ticable ? 

8 . From Art. 245, find the fall of temperature at expansion in a Linde air machine 
in which the air is compressed to 2000 lb. absolute and cooled to 60° F., and then ex- 
panded to atmospheric pressure. How many complete circuits must the air make in 


Plot a curve emljraoing states of the completely melted ice for a "vide range of 
pressures. Construct lines analogous to the constant dryness lines of the steam 
entropy diagram and explain their significance. 

10. At what temperature will the latent heat of fusion of ice he 0 ? What would 
he the corresponding pressure ? 



CHAPTER XVIII 


MECHANICAL REFRIGERATION 

611. History. Refrigeration by “ freezing mixtures” has been practiced for 
centuries. Patents covering mechanical refrigeration date back at least to 1835 (1). 
In the first machines, etiier was the working substance, and the cost of operation 
was high. Pictet introduced the use of sulphur dioxide and carbon dioxide. The 
transportation of refrigerated meats began about 1873 and developed rapidly after 
1880, most of the earlier machines using air as a working fluid. The possibility 
of safely shipping refrigerated fresh fruits, milk, butter, etc., has revolutionized 
the distribution of these food pi’oducts; and, to a large extent, refrigerating pro- 
cesses have eliminated the use of ice in breweries, packing houses, fish and meat 
markets, hotels, etc. The two important applications of artificial refrigeration at 
present are for the production of artificial ice and for cold storage. 

612. Carnot Cycle Reversed. In Fig. 298, let the cycle be 
worked in a counter-clockwise direction. Pleat is absorbed along 
do and emitted along ha-, the latter quantity of heat exceeds the 
former by the work expended, abed. The object of refrigeration 
is to cool some body. This cooling may be produced by a flow of 



Fig. 298, Art. 012. — Reversed Carnot Cycle. 



The function of the machine is to cause heat to pass from the vapor- 
izer to a substance warmer than itself; i.e. the cooler. This is 
accomplished -without contravention of the second law of thermo- 
dynamics, by reason of the expenditure of mechanical work. The 
refrigerating machine is thus a heat pump. 

The Carnot cycle, -with a gas as the working fluid, would lead to an exces- 
sively bulky machine (Art. 2-10). Early forms of apparatus therefore embodied 
the regeneraLive principle (Art. 257). This 
is illustrated in Fig. 299. 

Without the regenerator, air would 
be compressed adiabatically from 1 to 
2, cooled at constant pressure along 
2 3, expanded adiabatically along 3 4, 
and allowed to take np heat from the 
body to be refrigerated along 4 1. In 
practice, this heat is partly taken from 
the body, and partly from other sur- 
rounding objects after the working 
air has left this body, say at 5. The 
absorption of heat along 51 then effects no good purpose. If, however, 
this part of the heat be absorbed from the compressed air at 3, that 
body of air may be cooled, in consequence, along 3 6, so that adiabatic ex- 
pansion will reduce the temperature to that at 7, lower than that at 4. 
This is accomplished by causing the air leaving the cooler to come into 
transmissive contact with that leaving the vaporizer. The effect of the 
regenerator is cumulative, increasing the fall of temperature at each step; 
but since the expansion cylinder must be kept constantly colder as expan- 
sion proceeds, a limit soon arises in x^r notice. 

Tn Kirk’s machine (186-3), a com]')re.ssiiig cylinder was used for the operation cb, 
Fig. 298, and two expansive cylinders for the operation nd, one receiving the air 
from each end of tlie compressor cylinder. The pressure throughout the cycle was 
kept considerably above that of the atmosphere, and temperatures of — 39° 1. were 
obtained. The regenerator consisted of layerc of wire gauze located in the pis- 
tons (2). The air macliines of Hargreaves and Inglis (1878), Tuttle and Lugo, 
Lugo and McPherson, Hick Hargreaves, Stevenson, Haslain, Lightfoot, Hall, and 
Cole and Allen, have been described by W allis-Tayler (3). The Bell-Coleman ma- 
chine may be regarded as the forerunner of all of these, although many variations 



Art. 612 . — Regenerative 
Refrigeration. 



reversed. It oiDerates in the net cycle given by an air compressor and an 
air engine, as in Art. 213, In Figs. 300 and 301, 0 is the room to be 
cooled, A a cooler, M a compressor, and N an expansive cylinder (air 
engine). In the position shown, Avith the pistons moving toward the left, 
air flows from C to M at the temperature 2).. On the return stroke, the 
valve a closes, the air is compressed along ch, Fig. 301, and the valve s 



Fig. 300. Art. G13. — Bell-Coleraau Fig. 301. Arts. 013, (>U, 01(5, G22, 623. 
Machine, — Reversed Joule Cycle. 


opens, permitting of discharge into A along he, at the temperature 2),. 
The operation is now repeated, the draiving in of air from G to 3/ being 
represented by the line fc. Meanwhile an equal iveight of air has been 
passing from M to 32 at the temperature T„, less than 2), on account of the 
action of the cooler, along ea ; expanding to the pressure in C along ad, 
reaching the temperature T^, lower than that in (7; and passing into C at 
constant pressure along df. The work expended in the compressor cylinder 
is/c&ej that done by the expansion cylinder is /cud ; the difference, abed, 
represents work required from without to permit of the cyclic operation. 
If the lines ad, he, are isodiabatics, 

T. Ta 

Suitable means are provided for cooling the air in the. compressor cylinder, so as to 
avoid the losses due to a rise of temperature (Art. 19.1), and also for drying the 
air entering the expansion cylinder. 

The expansion cylinder is necessary for the operation. Free e.xpansion of the air 
through a valve from pe to p/ would be unaccompanied_by any drop in temperature. 

614. Analysis of Action. Let air at 147 lb. pressure and 60° F,, 
at «, Fig. 301, e.xpaiid adiabatically behind a piston along ad, until 
its pressure is 14.7 lb. Its temperature at d is 



uciiapciauuic iiacis uu u r . iiitju itju ib uu uompressea acuaDaucaiiy 
until its pressure is again 147 lb., along ch. Since 

^ y =890° absolute, or 430° F. 

The air now rejects heat at constant pressure along ha to cold water^ 
or some other suitable agent, and the action recommences. In 
practice, the paths ad and be are very nearly adiabatic, but if n<y, 
the changes of temperature are less than those just computed. 

615. Entropy Diagram. Let aenfbe. Fig. 302, represent the pv and nt 
diagrams of a 13ell-Coleman machine working in two cojnpressive stages. 
Choosing the point c on the entropy plane arbitrarily as to entropy, hut in 
its proper vertical location, we plot the lino of constant pressure ca up to 
the line of temperature at a. Then ae is drawn as an adiabatic, intersected 



Fig. 302. Art. 615. — T-wo-stage Joule Cycle. 


by the constant pressure curve ne, with nf, cb, and bf as the remaining 
paths. The area aenfbo measures the expenditure of work to effect the 
process. Along ca, theoretically, heat is taken from the cold chamber to 
the extent cglia. The work expended in single-stage compression would 
have been camb. We have then the following ratios of heat extracted to 
work expended: 

single-stage compression, ■ two-stage compression, 

camb aenjbe 

616. Work of Compression. In Fig. 301, for M pounds of air 
circulated per minute, the heat withdrawn from the cold chamber 
along dc is (? = Mk{T^ — Ta). The work expended in compression is 

f; = inf n + ~ f - P, ui -PWo) 


- \rj T, 

B=^h and W, = MhT,{^ - = MKTj, - T,'). Similarly, 

for the engine (clearance being ignored in both cases), Wj^ = 
MkQTa — The net work expended is then 

r,- Mk(T, - T, -T,+ TS). 

We might also write, heat delivered to the cooler =q =Mk(Ti, -Ta) , 
Wc -Wj,=q-Q= M k {T, ~ Ta ~Tc + Ta ) . 

Practical imperfections will increase the power consumption 30 to 
50 per cent above this. 

617. Cooling Water. The heat carried away at the cooler must be 
equal to the heat extracted along dc plus the heat equivalent of the net 
work expended; it is 

3'Ik(T- Ta + T,- T- T, + T,) = Mk{T,- Tk), 
as the path indicates. Let the rise in temperature of the cooling water 
be T—ti then the weight of water required is Ta) {T— t). 


618. Size of Cylinders. At W revolutions per if jmunds of air 
circulated, the displacement per stroke of the double-acting com- 

MRT 

pressor piston must be, ignoring clearance, D = MV^ -f- 2 W= — 

The same air must pass through the expansion cylinder ; its dis- 

WR ft . T 

placement is ^rwiy ’ displacements have the ratio if the 

zjyjr^ it 

cylinders run at equal r. p. ni. 


The piston displacements may be corrected for clearance as in Art. 2.3.3. They 
should be further increased from 5 to 10 per cent to allow for imperfect valve action, 
etc. A slight drop in pressure at the end of expansion is not objectionable. The 
temperature and the capacity of the machine may be varied by changing the 
point of cut-off of the expansion cylinder. 


619. Practical Proportions. In air machines of the so-called “ open type,” the 
pressure in the cold chamber is that of the atmosphere ; the temperature may be 
anywhere between 0 and 50° F. The maximum pressure is often made four at- 
nio, spheres absolute. The cooling water may be warmed from 00 to 80° F., and tlie 
air may leave the condenser at 90° F. Clearance may be from 2 per cent upward ; 
pistou speeds range from 75 to 300 ft. per minute, according to the type of 


—80° F. Much difficulty has been experienced in open air machines from the 
presence of water vapor, which coneeals in the pipes and passages at low tempera- 
tures. This objection is avoided b\' working on the " dense air ” principle. Light- 
foot (4) has introduced a form in which (-.xpansion is conducted in two stages. The 
temperature of the air in the first stage is reduced to only about 35° F., at which 
most of the vapor is precipitated and carried off, before the air enters the second 
cylinder. In many air machines, ordinary mechanical separators are used to dry 
the air. 

621 . Coefficient of Performance. In all cases, we have the relation 
heat taken from the cold body + work done = heat rejected to the cooler ; or 
Q + g. The ratio Q IF is described as the coefficient of performance. 
For the Carnot cycle, it is obviously t-^{T — t), the limiting values being 
zero and infinity. This ratio is sonietiines spoken of as the efficiency, a 
designation sufficiently correct so far as work expenditure goes, but which 
is apparently not in conformity with the prin- 
ciple that no physical transformation can have 
an efficiency equalling unity. Figure 302 & 
explains the anomaly. The Carnot cycle is 
ahed] an and hN are indefinite adiabatics. 

Now ndcN -i- ahed = Q -i- W may have any 
value whatever exceeding 0; but these two 
areas do not represent all of the heat actions 
occurring in the cycle. Heat lias been re- 
moved by the condenser along ha, equivalent 
to nahN—q. We may indefinitely lower the 
“efficiency’’ by increasing the upper temperature, as by the paths ef, gh, 
etc., without at all increasing the useful refrigerating effect obtained. 
We may, in fact, regard refrigeration as a negative effect x^rodiiced hy the 
cooling in the condenser, the negative work done being regarded as a 
by-product of this cause: Q = q—W. A reversal of the argument 
of Art. 139 serves to show that no cycle can give a higher coefficient of 
performance than that of Carnot. 

622 . Desirable Range. The value of the coefficient of performance is 
increased as that of {T—t) decreases; i.e., for efficient refrigeration, the. 
range of temi^erature must he small, a result of extreme practical impor- 
tance. It is more economical to cool the given body of air or other sub- 
stance directly through the required range of temperature^ than to cool 



Fig. 302 &. Art. C21. — Coeffi- 
cient of Performance. 


atterward cooling the remainder by mixture. ±his is a special example 
of the general thermodynamic principle that mixtures of substances at 
different temperatures are wasteful, such processes being irreversible. In 
practice, T is fixed by the temperature of the cooling water. It is seldom 
less than 60° F. The refrigerant temperature t should then be kept as 
high as possible, for the service in question, if operation is to be efficient ; 
it must, however, be somewhat below the desired room or solution tem- 
perature, in order that the heat transfer may be reasonably rapid. In 
making ice, for example, t must be considerably below 32° F. 

A reversal of the demonstration in Art. 255, as applied to Fig. 301, 
shoAvs that the coefficient of performance for the Joule cycle (Bell-Cole- 


man machine), with adiabatic paths, is 




■; for the corre- 


Ta Tj, Tg 

spending Carnot cycle it would have been -f- (T^— T^), a naturally 
higher value.* 


Since any heat motor using air is bulky, it is necessary, in order to keep the 
size of these machines Avithin reasonable limits, to make the temperature range 
large. This lowers the coefficient of performance, which in practice is usually 
only about one fifth that of a good ammonia refrigerating machine. Air, how- 
ever, is the least expensive of fluids, is everywhere obtainable, is safe, and may be 
worked at higli temperatures without excessive pressure. 


623 . The Kelvin Warming Machine. In Fig. 301, let an air engine receive its 
supply along ea at normal temperature and high jjressure. The air expands along ad, 
falling in temperature, after Avhich it is wanned by transmission from the external 
atmosphere along dc and compressed in a separate cylinder along ch. The tem- 
perature at c is equal to that at a. The compression along ch increases the tem- 
perature, and the hot air may be discharged into coils in an apartment to be 
heated. The ratio of heating done to poAAmr expended is 

Tr,-.T, ^ T, 

T, - - Ti' 

The entropy diagram is tliat of Fig. 302, and the ratio of heat delivered to the 
room to work expended is here hmhg - 4 - hmac, which exceeds unity, because of the 
heat supplied by the external air. Thi.s is consequently an ideal method for heat- 
ing. Its advantage increases as the range of temperature decreases. Considering 
an ideal heat engine and an ideal warming macliine, both working in the same 
Carnot cycle, the combined efficiency so far as power is concerned Avould be unity. 
The efficiency Avould exceed that of direct stove heating without any loss Avhatever, 
whenever the range of temperature in the engine exceeded that in the Avarming 
machine. Practically, the economical range of temperature would be low,' the 


IS made m spite oL tne lact that an oiiportiuiity lor saving* some power is thereby 
lost. 


625. Principle. If a small quantity of ether be poured into the 
palm of the hand, a sensation of cold is produced. This is due to 
the rapid evaporation of the ether at the temperature of the body ; 
the heat thus absorbed by the ether is received from the hand, de- 
creasing the temperature of the latter. In Fig. 303, let the closed 



vessel R be partly filled with a liquid at the temperature t, having 
above it its saturated vapor. Then the pressure in R Avill be that 
at which the boiling point of the liquid is t. If the liquid is anhy- 
drous ammonia, for example, and t= 68° F.,^? = 125.066 lb. absolute. 
Let some of the liquid jiass througli JE to the condensing coil B, in 
which the pressure is P, less than p. Its heat per pound tends to 
change from h to P; since h exceeds P, a certain amount of liquid 
must be evaporated in B to reestablish thermal equilibrium ; thus, 

h = 7/-t- XL, or P=: 

L 

If, now, the coil B be immersed in water at a temperature higher 
than its own, the remaining (1 — X) pounds of liquid may evapo- 




ir tiie suDSuance in tne uoii ue coinpieteij evaporauBu, anu me pres- 
sure in B be kep)t constantly at P, by artificially removing the added 
vapor from B as rapidly as it is formed. The substance used must 
be one liaAdng a low boiling point even under heavy pressure, if the 
surrounding water is to be cooled much below the temperature of 
the air. 

626. Action of Compressor. In Fig. 304, A represents the com- 
pressor, B the condenser, Q the vaporizer, and I) the expansion valve. 

The compressor jiiston first 
moves upward, drawing in vapor 
from 0. On the return stroke, 
the valve e is closed (the valves 
are, in practice, built in the com- 
pressor cylinder) and the vapor 
is compressed. When its pres- 
sure equals that in P, the valve 
f is opened, and discharge oc- 
curs. The valve/ is now closed 
and P is opened, the pressure falling from that in B to that in O. 
Described as a plant cycle, vapor is compressed along c?5. Fig. 305, 
condensed in the condenser along ha, becoming liquid at a, and ex- 
pands through the valve D along ad, p 
its pressure falling so that it begins 
to boil violently. Further boiling 
gives the path dc, along which heat 
is removed from the vaporizer C. 

Refrigeration begins at d, as soon as 
the vapor has passed the expansion 
valve. The pipes beyond this valve 
are usually covered with snoAV. The 

Fig. 305. Art. (32(5 . — Vapor Cycle. 

vapor process always involves (1) 

the condensation of the vapor, (2) a lowering of its pressure and 
teinnerature bv exnansion. r35 svaunratinn nf tha linnirl in tlip. 




Fig. 304. Art. (52(3. — Vapor Compression 
Machine. 




o 


Fig. 'iOG. Arts. G2G, G47. — fiefrigeratiriir Plant. (Pe L.a Yorgno >raohinp Company.) 



likened to a pit or well in whicli a fixed water level is to be main- 
tained ; by using a pump, the water may be raised to a level at which 
it will of itself flow away. The “pump ” is the compressor, which 
raises the low- temperature heat of the vaporizer to a high-tempera- 
ture heat which can flow aAvay with the condensed water. The 
heat absorbed by the water is usually valueless for further service, 
as its temperature seldom exceeds 80° F. 



Figure 30G represents a complete plant. 
The pipes a, h correspond to those similarly 
lettered in Fig. 304. The vaporizer may 
be merely an insulated room to be cooled, 
or a vessel of water or brine the temperature 
of which is to be lowered. There should be 
no loss of liquid in operation excepting by 
leakage. 


Figure 


627. Entropy Diagram. 

307 shows the various forms of en- 
tropy diagram, according as the sub- 
stance is web (^dcha, dgefa) dry 
(djhfa), or superheated {djldfa) as 
it leaves the vaporizer. These are based on adiabatic paths. The 
actual operation is not a perfect Clausius cycle. During expansion 


Fiu. 30T. Arts. 027, 028, 020, G30 - 
Vapor Eefrigeration, Entropy Dia 
gram. 


the condition is one of constant total 
heat, giving such a path as axd. Fig. 
308. This decreases the useful re- 
frigerating effect area to ydjz. Com- 
pression may be made more economical 
than adiabatic, as in air compressors, 
by jacketing or spraying with oil or 
other liquid; the compressive path may 
tlien be, say, jh, decreasing the work ex- 
penditure to axdjh, without altering the 
refrigerating effect. The patii if 



Fig. 308. Art. G27. — Modifications 
of Refrigerative Cycle. 


re])resented exponentially, will show a value of n less than that of 


628. Coefficient of Performance. For the cycle dcba of Fig. 307, 
ill which the vapor at no state becomes superheated, maximum heat 
removed from the vaporizer is, say, 
xl. Heat is returned to it, however, 
along ac?,* the liquid being loivered 
in temperature, to the extent II — h. 

The net refrigerating effect is 

Fig. 309. Art. 027. — Aimnonia Com- 
Q = xl — IT — /i). pressor ludicator Diagram. 

The heat delivered to the condenser is XL^ and the work done is 

W=^XL-\-lI-h-xl. 

The coefficient of performance is then 

■$■= (xl - E+ 70 (XL + X- - xl-). 

Jr 

P'ormulas may readily be derived for the coefficient when the vapor 
becomes superheated during compression or even before compression 
begins. 



629. Multi-stage Operation : Superheat. A gain is possible by compress- 
ing in two or more stages. This gives an entropy diagram like that of Fig. 300 a. 
Fig. 307 shows that the highest coefficient of performance is attained when the 
^ vapor remains saturated (wet or dry), 

throughout the cycle. Comparing the cycles 
a&cc/ and afcgd, for example, tlie added re- 
frigeration effect cgnm is gained at the cost 
of the proportionately greater expenditure 
of external w'ork cgefh. Superheating may 
be pi’eveiited by keeping the vapor always 
sufficiently wet at the beginning of com- 
pression, or by cooling during compression 
so as to avoid the adiabatic path, as de- 
scribed in Art. 198. “Dry” compres.sion 
(in which suiierh eating occurs) involves 
the use of jackets to permit of lubrication. 
Wet compression is far more frequently 
practiced. Heat interchanges with the 



630. Choice of Liquid. The entropy diagram, Fig. 307, shows clearly 
one consideration which should influence the choice of a working fluid. 
The net refrigerating effect is reduced by the area under da, as explained 
in Art. 627. The steeper this line, the less the reduction; the longer the 
line dc, the greater is the refrigerating effect. Steepness of the line da 
means a loio specific heat ofliQuidj a long line dc means a high latent heat. 
The best fluids for refrigeration are therefore those in which the ratio of 
latent heat to specific heat of liquid is large. From this standpoint, ammonia 
is among the most efficient of the vapors used, ys ith carbon dioxide, 
the area under da forms a large deduction from the gross refrigerating 
effect. 

631. Fluids Used. The vapors used for refrigeration include sulphuric ether, 
sulphur dioxide, luethylic ether, ammonia, carbon dioxide, ethyl chloride, Pictet 
fluid (a mixture of carbon dioxide and sulphur dioxide), and steam. The vapor 
chosen must not be too expensive, and it must not exert a detrinieutal influence on 
the machinery. Ether, once commonly employed, is quite costly ; its specific volume 
is so great that the machines were excessively bulky. The inward leakage of air 
resulting from the extremely low pressures necessary often heated the compressor 
cylinder. Sulphur dioxide unites with water to form sulphurous acid, which rapidly 
corrodes the cylinder when any moisture enters the sy.stem. The Pictet fluid has been 
used only by its inventor. Carbon dioxide, though inefficient, has been commer- 
cially satisfactory excepting where its low critical temperature (Art. 379) was 
objectionable. Ammonia is the fluid principally em{)loypd, especially in this country; 
the only serious objection to it seems to be the presence of occasional traces of 
moistm-e. It costs 20 to 25 cents per pound. The ordinary ammonia of com- 
merce is a weak aqueous solution of the gas, H3N. The ammonia employed in refrig- 
erating machines is the nearly pure anhydrous liquefied gas, which has an intensely 
irritating and dangerous odor. It boils at —26° F. at atmospheric pre.ssure. 

Nitrous oxide, N 2 O, has been lately introduced for refrigeration at very low 
temperatures (around —100° F.). At such temperatures, NH 3 and SO 3 would have 
to be worked at high vacua, while CO 2 would solidify. The boiling point of NaO 
at atmo.spheric pressure is below-330° F. absolute. Its pressure-temperature curve 
lies between those of ammonia and of the more “ permanent ” gases. A table of 
its properties is given by Planck, Zeils.f. d. gesammte Kalle-lndustrie, Oct., Nov., 1911. 

632. Comparisons. It is interesting to compai'e 
the effects following the use of various fl.uids between 
assigned temperature limits. Let the cycle be one 
in which the vaj)or is dry at the beginning of com- 
pression, abode, Fig. 309 b. We have"* 



0 — aef a — nabh = Lp — (hh—hn'). 



\Pe / 

of k is variable ; but we have 



k log. 

•^ = n, - Ha, 

C 

or k log — k log Ta = 

(w. - nf) - 2.8, 

in which 

T„ Ta, n 

e, and We are 

known. The following 

are specimen re.sults 

tables, pp. 

247, 248, 422, 424) : 
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04.4° F. 

64.4° F. 

116° F. 

Ta 


5° F. 

5° F. 

32° F. 

La 


520.22 

153.81 

1038 

La 


582.1 
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36.86 

10.44 

84 

ila 


- 25.63 

- 8.449 

0 

P 

= P!, 

117.42 

44.537 

1.5 

Pc 

= Pa 

33.667 

11.750 

0.0886 

Ta 


175° F. 

159° F. 

484° F. 

k 


0.70 

0.2023 

0.493 

IXg 


1.20 

0.3478 

2.1832 

Wo 


1.065 

0.3140 

1.9412 

y 


1.33 

1.272 

CO 

CO 

q 


659.01 

191.8 

1303 

Q 


519.61 

150.80 

970 

w 


77.81 

22.05 

243 

Q- 

hW 

0.68 

0.82 

4.02 


633. Capacity. The common ba.sis for rating refrigerating machines 
is in tons of ice-vieliing effect per 24 lir. The “ice-melting'’ effect is a con- 
ventional term denoting the 'performance of 143 B. t. n. of refrigeration. 
(The latent heat of fusion of ice i.s more nearly 1431 B. t. ii.) Let Q be 
the heat removed from the vaporizer per cubic foot of fluid measured at 
its maximum volume during the cycle ; then the tonnage per cubic foot is, 
theoretically, 

T= Q-4-(142 X 2000). 

Let D be the piston displacement, per 24 hr., in cubic feet ; then the “ rat- 
ing” of the machine is 

i = -^284000. 

In practice, this does not exactly hold, because the vapor is superlieated 
by the cylinder walls during the suction stroke, its density being thus 
flpprPDCprl bpinw tbnt, nf thfi sn.tnrn.ted va.nor. The reduction of canacity 


Taporizer. Tlie actual tonjiage is then 

^ l-0.04^^i}(lH-2S4000. 

634. Economy. A practical unit of economy is i\\Q pounds of ice-melt- 
i)i[] e fect 2 )<ir pound of coed 'b'arnQd in the boiler Avhich drives the com- 
pressor engine. The refrigerating effect per cubic foot of fluid is, if we 
ignore self-evaporation (Art. 625), 

^1 — 0.04-^^ Q; 

the work done in the compressor cylinder is (g — Q) that in the engine 
cylinder is 0 {q— Q), in which C is the reciprocal of the combined mechani- 
cal efficiency of engine and conqn'essor, ranging from 1.15 to 1.25 for direct 
connected units. The foot-pounds of refrigerating effect per foot-pound 
of indicated work in the engine cylinder are then 


The ice-melting effect per horse power hour is then 


1980000 
142 X 778 


(l-0.04r-)QH-Cfe-Q). 


If, as in ordinary average practice, three pounds of coal are used per 
Ihp.-hr., the ice-melting effect per pound of coal is 


1980000 
142 X 3 X 778 



0.04£.)Q-j-C'{g-e). 


635. Cooling Water. The heat absorbed by the condenser per cubic foot 
of piston displacement is 

('l-0.04|)g. 


The number of pounds of water required per 24 hr. to absorb this heat, 
assuming the temperature rise of the water to be 30°, is 


_ 0.04 I)g 30. 


The gallons of water necessary per minute for each ton of “ rating ” (as 
defined in Art. 633) then become. 






M f / 


Tliis is about one gallon for tlie given range of water temperature ; the 
usual range, however, is only about 15°. 

636. Size of Compressor. If the fluid at the beginning of compression 
be just dry, and v be the specific volume and M the weight of this dry 
vapor circulated per minute, the total volume displaced per minute is Mv\ 
if i'/’be the number of single strokes i^er minute, the piston displacement 
per single stroke of a double-acting coinpressor must be = Mv ^ N. 
This must be increased for superheating, as in Art. 633, the displace- 
ment becoming 

lfu-T-Ar^l-0.04^^, 

and must be further corrected for clearance, as in Art. 233. A small 
additional increase is made in practice, to allow for the presence of air 
and moisture, etc. 

637. Compressor Design. The refrigerating effect being assigned, the nor- 
mal (unrefrigerated) vaporizer temperature and the pos-sible condenser tempera- 
ture are ascertained. These determine the cyclic limits. The type (single- or 
double-acting) and rotative speed of the compressor are then fixed. The refriger- 
ating effect per pound of fluid under the assumed temperature conditions is now 
computed, and tlie necessary weight of fluid determined. The piston displace- 
ment may then he calculated and the power consumption and cooling water supply 
ascertained. 

In most vapor computations, the .specific volume of the liquid may be ignored. 
This does not hold with carbon dioxide, which is worked so near its critical tem- 
perature that the specific volume of the liquid closely approaches that of the vapor. 
The losses in the Ampor compressor are similar in nature, though opposite in effect, 
to those in the steam engine cylinder. The transfer of heat between cylinder walls 
and AVorking fluid causes the most serious loss ; it is to be overcome in the same 
ways as are employed in steam engine practice. 

638. Steam Compressors. In these, the working fluid is Avater, injected at 
ordinary temperature into a vacuum chamber. A jiortion of the Avater A'aporizes, 
absorbing heat from the remniiidor and thus chilling it. The AUipor is then slightly 
compressed, conden.sed, and pumped aAvay or back to the vaporizer. The principle 
of action is the same as that of any vapor machine, hut the pressure throughout 
is less than that of the atmospiiere. The temperatm*e cannot be loAvered beloAV 
82^ F. (Art. 682). 


639. Ammonia Absorntion Machine. This was invented bv Carre. The 



from fuel or steam coils in what is called the genoratoi'. The fluid then 
passes to the condenser, and through an expansion valve to the vaporizer. 
It cannot be returned directly to the genei’ator, because the pressure there 
exceeds that in the vaporizer. An intermediate element, called the 
absorber, is used. The operation depends upon the well-known fact that 
water has the power of dissolving large volumes of volatile vapors; at 
59° F., it dissolves 727 times its own volume of ammonia.* This solu- 
tion produces an exothermic reaction; heat is evolved, amounting to 
about 926 B. t. u. per pound of water. f “ The mechanical force which 
draws the vapor from the vaporizer in the compression system is here re- 
placed by the affinity of water for ammonia vapor ; and the mechanical 
force required for compressing the vapor is rejjlaced by the heat of the 
generator, which severs this affinity and sets the vapor at liberty ’’ (Kent). 
Ammonia is among the most soluble of the substances considered ; other 
vapors may, however, be used (7). 

640. Arrangement of Apparatus. The absorption apparatus is shown 
in outline in Fig. 310. At A is the generator, containing a strong solution 
of ammonia in water and suitably heated. The heat liberates ammonia 
gas, wJiich passes through the pipe a to the condenser B. From this the 
liquefied ammonia passes out at h and is expanded through the valve h, 
taking up heat from the vaporizer 0, as in the compression system. The 
absorber i? is a vessel containing water or a weak solution of ammonia in 
water. The solution of vapor in this water j:) reduces a suction wliich con- 
tinually draws vapor over from 0 to D. Tlie solubility of ammonia in 
water decreases as the temperature increases, so tliat the evolution of heat 
in the absorber must be counteracted by jacketing that vessel with water 

* The absoi-ption increases as the temperature decreases and as the pressure 
increases. 

I Genei-ally, the heat evolved per pound of water is (927a:o— 142a:o2) B. t. u., where 
X is the proportion of BH 3 to watei’, by weight. 

f The boiling point of the solution is le-ss than that of water at the same pressure. 
AVlien z is the proportion by weight of NIK, tbe amount of such reduction is in deg. F., 

5.5Sa- 0.0SGSa24-0.OO0591a3, 

180000a; 

m winch <^ = ^= 00 — jTOte' approximate density of the solution is (water = 1 ) 

1 — 0.43(x— a;2-j_x2). 

The partial vapor pressure due to the steam is approximately 



or installing water coils in the solution. The waste water from the con- 
denser may be used for this cooling. The more concentrated portion of 
the liquid in D is now pumped through /to A, while the weaker solution 
is drawn off from the bottom of A and returned to the top of D through d. 
A coil heater at E provides for the interchange of heat, thus Avarming the 
liquid entering A and cooling that entering D, as is to be desired. 

641. Cycle. Trom the condenser to the vaporizer, the operation is 
identical with that in a compression plant. The absorber and generator 
replace the compressor. The rise in pressure occurs between the jjump / 
and the generator outlet a. In Fig. 311, B may be taken as the state of 
the gas entering the condenser, in Avhich it is liquefied along BA. Ex- 
pansion reduces its pressure, giving 
the path AJ. In passing through the 
vaporizer, the liquid is evaporated 
along JC. It cannot be returned di- 
rectly to the generator; nor can it 
advantageously be returned by pump- 
ing, because very little solution Avould 
occur at the high temperature main- 
tained in the generator. It is there- 
fore absorbed by water in D, Fig. 310, 
at a pressure nearly equal to that in 
C, and transferred to the generator, 

Avhere its pressure rises, as along CB, Fig. 311. From C to B, the vapor 
is in solution; but its pressure and temperature are increased by the 
application of heat, just as in compression machines they are increased at 
the expenditure of external Avork. The cycle is the same as that of the 
compressive apparatus. 



V 

Fig. 311. Arts, (ill, (>42. — Absorption 
Cyclo. 


642. Comparison of Systems. The temperature attained at B, Fig. .311, is 


practically the same as in dry compre.ssive systems; it is 


T, 




0.25 





Q = (1 — X')L, as witli tlie compressor. Ideally, the heat evolved in the absorber 
should he approximately suflicieiit to evaporate the solution in the generator. 
Actually, this heat is largely lost, on account of the necessity of cooling the ab- 
sorber. x\ssunnng that all the steam consumed by tlie pumps is afLerward em- 
ployed in the generator, tlie heat consumption of the absorption appiaratus includes 
the following four items : 

R, that nece.ssary to eAUiporate the cold water drained back from a portion of 

the condenser tubes ; 

E, that necessary to raise the temperature of the solution entering the genera- 
tor to that of saturation ; 

S, that necessary to distill the ammonia in the generator (latent heat plus heat 

of decomposition) ; 

W, necessary to raise the temperature of the vapor during superheating. 

Symbolically, H = TV + S + E + R. Items E and R may be regarded as off- 
set by the friction losses in the compressor system. AVe may then put //= TF-j- S 
in the absorption .system. “xV rough comparison of the two systems is as follows : 
At a suction pressure of about d l Ih. absolute, at which the vaiiorizer teiniieiatuim 
is 5° (with ammonia), a good non-condensing steam engine will consume heat 
amounting to about 0(10 B. t. u. per pound of ammonia circulated, the conden.ser 
temperature being U5°. Under the same conditions, the absorption machine will 
consume about 72 B. t. u. in raising the temperature and about 897 B. t. u. in dis- 
tilling the ammonia; whence // = 72-f-897=969. The two machines are thus 
equal in economy for a suction pressure of 34 lb.” As the vaporizer tcmjmratui-i^ 
falls below 5°, the economy of the absorption system, though reduced, becomes 
better than that of a compressor with a non-condensing engine. The reverse is 
the case when the vaporizer temi)erature rises. Compared with conclen.sing engine 
driven compressors, the economy is about equal for the two types w'hen the vaporizer 
room tempei’atiire is zero. AVhere a low back-j)re.ssure is required, as in ice-making, 
the absorption system is thennodjaiamically supeilor. The absorption system 
requires about the same total amount of cooling water as is needed in a compres- 
sion system operated by a condensing steam engine. 

A fairly satisfactory computation of the heat balance presented by Spangler 
(5) is as follows: Let steam at 35 lb. absolute pressure, 0.9 dry, be supplied for heat- 
ing the generator of a 15-ton machine {24-hour actual ca/pacitg). The condenser tem- 
perature is 80'^ F., that of the vaporizer is 10° F. and that of the absorber is kept at 100° F. 
The generator solution contains 25 j)er cent of NILj, the ohsorber holds a 12 per cent 
solution. All cooling mater rises from 60° to 80° in temperature. 

The temperature in B (Fig. 310) being 80°, the ammonia pressure (page 486) 
is 154.7. The steam pressure at this temperature is negligible. Since the passage 
between A and B is open, the pressure in A will be the same as that in B — 154.7 lb. ; 
the vapor being somew'hat superhe^ated in A. 

The solution in A is 0,25 NH 3 . If it were pure water, its temperature would 
at the given pressure be 360.9° F. The third foot-note to Art. 640 gives 



ture, the pressure of saturated steam is 27.8 lb. ; the partial steam pressure in the 
generator is then (Art. 640) 


27.8 


/1700-425\ 
V 1700+2.5/ 


= 20.5 lb., 


and the partial pressure of NHj is 154.7 —20.5 = 134.2 lb. 

The pressure in C and D is that corresponding with the temperature (10° F.) 
in C; 37.9 lb. 

Each cubic foot of vapor leaving the generator consists of 1 cu. ft. of superheated 
steam at 20.5 lb. pressure and 246° F., and 1 cu. ft. of superheated NHs at 134.2 lb. 
pressure and 246° F. The density of the steam is found to be 0.0495. That of the 
ammonia (Art. 403) is about 0.308S. 

Any vapor condensing between A and B is not allowed to enter B, but is separately 
draAvn off through a rcclijier, as shown in Fig. 310, and drained back to the generator. 
If this condensation were not removed, the NHs absorbed by the water formed 
would be carried to the absorber. The temperature at the rectifier will be slightly 
above that at the condenser, say 85° F. The density of water vapor at this tem- 
perature is 0.00183. The ammonia has now been brought to a pressure of 154.7 lb. 
and a temperature of 85°, at which its specific volume (Art. 403) is, nearly, 2.09 
cu. ft. Its actual volume is 0.3088X2.09 = 0.641 cu. ft. It contains 0.641X0.00183 
= 0.0012 lb. of water. The rectifier has then removed 0.0495—0.0012=0.0483 lb. 
of water. 

The condensed water absorbs some of the ammonia vapor. Under the pressure 
of 154.7 lb. and a,t 85° F., 1 lb. of water absorbs 2.36 lb. of NHs. The weight of 
NHs absorbed is then 0.0483X2.36 = 0.114 lb. I'he quantity of NHs passing 
on to the condenser is consequently 0.3088 — 0.114 = 0.1948 lb., accompanied by 
0.0012 lb. of steam. 

Upon condensation in 5, the 0.0012 lb. of water ab.sorbs 0.0012X2.33 = 0.0028 
lb. of NHs, and must be drained back to the generator. The anhydrous liquid 
NHs leaving the condenser noAv amounts to 0.1948—0.0028=0.192 lb. 

The pump must handle a sufficient amount of strong liquor from D, and the 
generator must return a sufficient amount of weak hquor to D, to cause a decrease 
in strength of solution from 25 per cent to 12 per cent. When the pump draws 
off 100 parts of solution, containing 25 of ammonia, the generator must return 
100 parts, containing 12 of ammonia . The weight of ammonia decreases 25 — 12 = 13, 
and -the weight of solution increases 13, or from 75 to 75+13=88. The quantity 
of strong liquor that must be handled per pound of ammonia is then if =6.77 lb., 
and that of weak liquor is 6.77 — 1.0 = 5.77 lb. 

The pump must handle 6.77X0.192 = 1.3 lb. of strong liquor, and the generator 
must return 5.77X0.192 = 1.108 lb. of weak hquor, per cubic foot of NHs discharged 
from the generator. 

In passing the valve h, the pressure falls from 154.7 lb. to that corresponding 
with the temperature 10° F. — 37.9 lb., and there will be vaporized 



Heat (Jomputanon. in tne remjier, v.m)io id. oi n 2 U at zu.o id. pressure ana 
246° F. is reduced to 85° F. and saturation (0.59 lb. pressure). Of this amount 
0.0483 lb. is condensed. The heat given up is {0.0495/^(7— i) =0.0495 X 0.48 X 
(246— 85) =S.80 B. t. u.| + {0.0483Ls6 = 0.0483 X 1044 = 50.5 B. t. u.} Be.°.ides this, 
0.3088 lb. of A7/j at 134.2 lb. pressure and 246° F. is reduced to 85° F. and 154.7 
lb. prejssure; of which weight, 0.114 lb. is absorbed by the water. The ammonia 
gives up in cooling 0.3088X0.508 * (246— 85) =^5.1 B. t. u. The absorption of 
NHs evolve.s 


0.0483 I 927 


/ rvoT ( _ 149 { ^ r = 0 114 I 927 — 142 

,0.0483/ ^ \0.0483/ / -^^ ^0.0483^ 

=67.6 B. t. u 


(Art. 640). 


In the condenser, 0.0012 lb. of water is reduced from 85° to 80° and condensed, 
giving up 0.0012 { (0.48X5)4-1047} =7. .^5 B. t. u. Also, 0.1948 lb. of ammonia 
is cooled from 85° to 80° (0.1948X0.508X5 = 0.5 B. t. u.) and 0.0028 lb. is ab- 
sorbed by water ^0.0028 1 927 — 142 } =1-07 B. t. u.^ . The remaining 

0.192 lb. of ammonia is now condensed, giving up 0.192L8o = 0. 192X499.4 = 05.0 

B. t. u. 

At the expansion valve and vaporizer, 0.192 Ib. NHz is converted from liquid 
at 80° to dry vapor at 10°, absorbing 0.192 (/tio — /'so+Bio) =0.192(— 30— 554-585) 
= 96 B. t. u. 

In the absorber, 0.192 lb. is raised in temperature from 10° to 100° (0.192 X 
0.508X90=8.75 B. t. u.); this is absorbed so as to raise the strength from 12 to 
25 per cent. The heat evdlvod is (Art. 640), 

( 927 .T 0 — 142a;o'^) B. t. u. per lb. of water. 


where .To = proportion of Nils to water. This gives, for an increase of strength from 
A to .fi (percentage of total), per pound of ammonia, a heat evolution of 

which for our conditions gives 

S 

0.192 1 927 -142 4-—) | =164.8 B. t. u., 


as the heat Uberated by .solution. 

The generator must raise the temperature of 0.192 lb. NH 3 from 100° to 246° 
and reduce the strength from 25 to 12 per cent. In raising the temperature, 
(0.192X0.508X146) =74-^ B. t. u. arc employed. In the partial distillation, the 


0.114 927 — 142 04.33 j j —Of -3 B. t. u. for the latter. 

The condenser also returns to the generator 0.0012 lb. of water and 0.0028 lb. 
of NH;t, both at 80° F. The heat neces.sary to handle these amounts in the same 
way as the rectifier drainage is 

0.0012{l97.45-48.03+959.15 + (0.48X16.7)} =7.S5 B. t. u. (water); 
0.0028X0.508X161=0.2-5 B. t. u. (to superheat the ammonia); 

0.0028 I 927 — 142 } —i-67 B. t. u. (to distil the ammonia). 


At the puni]), 1.3 lb. of strong liquor must be raised in pressure from 37.9 lb. to 
164.7 lb. The ab.solute density of the 25 per cent solution being 5(5.9 (see Art. 640), 
the work of the pump is 


1.3 144(154.7-37.9) 


56.9 


778 


= 0.5 B. t. u. 


Summary: In the rectifier, there were lo.st 3.82+50.5+25.1=79.42 B. t. u. 
Adding the heat contributed by the absorbed ammonia, 67.6, we have 147.02 B. t. u. 
as the net expenditure of heat at that point. 

At the condenser, there were lo.sses of 1.26+0.5+1.67+95.9=99.33 B. t. u. 
At the vaporizer, the fluid received 96 B. t. u. 

At the absorber, absorption cau-sed a loss of 164.3 B. t. u. but the heat added 
to the ammonia consumed 8.75 B. t. u., so that only 155.65 B. t. u. were rejected 
to the cooling Avater. 

At the generator, the supply of heat was 14.2+164.3+53.75+9.3+67.5 + 1.33 
+0.23+1.67 = 312.28 B. t. u. 


Total Heat Received. 

Total Heat Accounted for. 

Generator, 

312.28 

Rectifier, 

147.02 

Pump, 

0.5 

Condenser, 

99.33 

Vaporizer, 

96.0 

Absorber, 

155.55 


408.78 


' 401 . 90 



Unaccounted for, 

6.88 




408.78 


The error in the heat balance is thus about 1| per cent. 

For a 15 ton machine, the effect required at the vaporizer is 15X2000X142 
= 4,260,000 B. t. u. per 24 hoAirs. The generator effect necessary per minute is 
then 


4,260,000 ,+312.28 
24X60 ^ 96 


= 9650 B.t.u. 


of steam needed per minute is = lb. A total effect of 401.9 B. t. u. is 
produced by cooling water per 96 B. t. u. of refrigeration. The weight of water 
required per minute is then 


4,260,000 

24X60 


X 


401.9 

96 


(80-60) =620 lb. 


643. Steam Absorption Machines. A water-vapor machine of the class de- 
scribed in Art. 838 may dispense witli the compressor, the steam being absorbed 
by and generated from solutions in sirlphuric acid. This form of apparatus has 
been in use for at least a century, having been successfully developed by Carre and 
others (8). 


Details and Commercial Standards 

644. Direct Expansion. When the refrigerating fluid is itself circu- 
lated in the room or through the material to be cooled, the system is that 
of direct expansion. While simple and economical, there are objections to 
this type of plant. The least movement of the expansion valve changes 
the lower pressure and temperature, and consequently the temperature of 
the room to be cooled. The introduction of a substance like ammonia is 
often considered too hazardous in rooms where valuable materials like 
furs would be damaged by any leakage. 

645. Brine Circulation. By expanding the refrigerating fluid in coils im- 
mersed in some harmless liquid, like salt water, the former may be kept wholly 
within the power plant; the cooled water is then circulated through the rooms to 
be refrigerated by means of a punq). The operation is wasteful, because it in- 
volves an irreversible rise in temperature between working fluid and brine, but 
is often preferred for the reasons given. The brine serves as a “fly wheel for 
heat,” smoothing out the variations in temperatui-e which occur with direct expan- 
sion ; but a secondary circulating system is more expensive in installation and 
operation. In addition to the usual apparatus, there must be supplied a brine tank, 
which now becomes the vaporizer, coils within the brine tank, and a brine pump. 
The cooling coils in the refrigerated room, and the piping thereto, must be sup- 
plied as in direct expansion ; they are, however, rather less expensive. 

646. Fluids. Salt brine is commonly used rather than water, since the 
freezing point of the former may be as low as — F. This fluid is detrimental 
to cast-iron fittings, and these are ordinarily made extra heavy wdien used for 
brine circulation. Chloride of calcium in solution * permits of a still lower tem- 
perature; it may solidify at as low a temperature as —54“" F. A solution of magne- 
sium chloride is occasionally used. Salt brine cannot be left in the system after 


647. Brine Circulation Plant. Figure ;?12 siiow.s a complete ]ilauL. In opera- 
tion, the compressor is iirst started, drawing the air out of the pipe coils. A drum 
of anhydrous ammonia is placed at B, and the contents allowed to run into the 
liquid receiver through the valve ( The expansion valve D is then opened and 
liquid ammonia passes through to the brine tank. The valves A. and F* are kept 
open until the odor of ammonia is evident. They are then closed, the valve L is 
opened, and the water tinned on at the condenser. The compressed vapor is now 
liquefied in the condenser, its tcm^ieraturo falling within 20'’ of that of the cool- 
ing water in usual practice. The brine pump d; i,s started, circulating the chilled 
brine through the refrigerated room H, and the speed of the compressor is in- 
creased until the temperature of the fluid in the brine tank is about 20° below 
the required temperature in //. Ammonia is su^jpUed at C until the level in the 
receiver remains constant. The supqoly is then cut off. At the lieginning of the 
operation, all of the ammonia will be evaporated in E, and the vapor will be highly 
superheated during compression. As the brine is chilled, the temperature of the 
discharged Ampor falls, and frost forms on the outside of the pfipc /, gi-adually 
approaching the compressor. If the supply of fresh liquid is stopped at this point, 
superheating will continue to occur, producing “dry” compression. In “wet” 
compression, the compressor inlet becomes heavily frosted and the outlet pipe is 
sufficiently cool to he touched by the hand. With adequate jacketing, etc., the 
dry system may be in practice as economical as the wet (.Vrt. 62!)), hut additional 
care is necessary to avoid leakage at the stuffing boxes. A direct expansion system 
has already been shown in Fig. 300. 

648. Indirect Refrigeration. In some cases, neither brine circulating coils 
nor direct expansion coils are used in the cooling room, but air is blown over a 
bank of coils and thence through ducts to the room. Tins constitutes millrect 
refr'ujeration, providing Aumtilation as well as cooling. In direct refrigeration, 
provision is sometimes made for drawing off foul air by vertical flues. In certain 
applications, arrangements are made for washing or filtering and drying the air 
supply introduced. 

649. Abattoirs, Packing Houses. Refrigeration here plays an important part. 
Either direct expansion or brine circidation may be employed, the coils being 
located along the side walls near the ceiling, or suspended from the ceiling, if 
head room will permit, d'he latter is the better ari'angenient. IMoistnre irom 
the atmospliere of the room rapidly condenses on the outside, of the pipes, and 
provision must be made for removal of the drip. The atmospliere of the room 
rapidly becomes dry. 

650. Cold Storage. For preserving vegetables, fruits, poultry, eggs, butter, 

Cc-u Tronic ofn raifliui- in nnrnci.uRnt stnrn.tTH or diiriiio' trausuorta- 





tribution of coil surface are precisely those employed in the desigu of heating and 
ventilating systems. Reference should be made- to the works of Siebel (10) and 
Wallis-Tayler (11). The thorough insulation of the rooms and of the conduct- 
ing jjipes is of much importance. 

651. Other Applications. Mechanical refrigeration is universally employed in 
breweries, for cooling of the cellars and the wort, as well as for cooling during 
fermentation (attemperator system) (12). It is popular in marine service, where 
the space occupied by stored ice, and its shrinkage, would he serious items of 
expense. It is applied in candy factories, for cooling chocolate; in candle and 
parallhi works and linseed-oil refineries for precipitating out solid waxes from 
mixtures; in dairies for cooling the milk; in tea warehouses, dynamite factories, 
in the manufacture of photographic dry plates, in wine cellars, soda-water estab- 
li.slinients, sugar refineries, ebemical works, glue factories, and for the wintei' stor- 
age of furs. I'he losses experienced in marine transportation of cattle on the hoof 
have been gi'eatly reduced by cooling the space between decks. Refrigeration has 
also been used for congealing quicksand during excavation and tunneling opera- 
tions in loo.se soil. 

A recent application is in the formation of indoor .skating pond.s. These are 
frozen by direct expan.sion through sxibmerged coils. A fresh surface is fi'ozeii 
on wlK-mevor necessary, and this is kept smooth by the mse of a planing machine. 
Pipe-line refrigeration from central stations is being practiced in at least nine 
American cities; the present status of this public service has been studied by 
Hart (13). 

652. Ice Making. This is one of the mo.st important applications. The 
Tuanufactuve of ice n\ay be carried on as an adjunct to the ordinary operation of 
any refrigerating plant. I'he product is from an hygienic standpoint immeasur- 
ably superior to the usual natural ice. In practice, three systems are used : the 
plate, the stationary cell, and the can, the last being of most importance. 

653. Plate System. Large, shallow, hollow, rectangular boxes are immersed in 
a tank containing the water to be frozen, dividing the body of water into narrow 
sections, corresponding to the “plates” of ice to be formed. Through the hollow 
boxes, a solution of chilled brine circulates; in some cases, however, this brine is 
quiescent, being chilled by coils immersed in it, in which coils brine from the 
compressor plant circulates. A “plate” 14 in. thick maybe produced in from 
9 to 14 days. The jdates when formed are loosened by cii’culating warm, brine for 
a few moments, and are then hoisted out by cranes. 

654. Stationary Cell System. A large number of approximately cubical 
tanks, with liollow Avails aud bottoms, are set in a frame. Brine is circulated 


found to be most probable when the teinpei’ature of the operation is not too low, 
when the water is agitated during- cooling, and when the layers are thin, as in the 
plate system or with shallow, stationary cells. 'I’o provide these conditions usually 
involves delay, trouble, or expense. Tlie clear ice of the i^resent day is pro- 
duced by the use of (liatilled iraie.r. This may be olhained by condensing the 
exhaust from the compressor engine, or by using tliat exliaust in an evaporator to 
distill in vacuo afresh sui^ply of water. Traces of cylinder oil must in the former 
case be thoroughly eliminated, and tlie water carefully filtered. 

656. Can System. The use of distilled water from the engine exhaust in 
portable cans is at present standard practice. The cans, of plain galvanized iron, 
stand in a tank containing a circulating solution of brine, the temperature being 
somewhat below 32°. Blocks of 300 lb. weight are produced in from 50 to 60 hr. 
— about one fourth the time usually required with the y)late system. The ice is 
loosened by lowering the cans for a moment in warm water. The various wastes 
of water, when the condensation from the engine is employed, require that the 
amount fed the boiler shall be about 33 per cent in excess of the amount of ice to 
be made. A highly economical steam engine is thus undesirable. “ The can sys- 
tem requires about one fourth the floor area and one twelfth the cubical space that 
are needed by the plate system for tlie same output, while it is about four times 
as rapid, and costs initially about 25 per cent less.” 

In a system recently introduced, large hollow cylinders, through which ammonia 
circulates, are revolved in a freezing tank. A thin film of ice forms on the outside 
of the cylinders, and is scraped off by knives and pumped in slushy condition to a 
hydraulic press, where it is formed into cakes. The process is continuous and re- 
quires little labor. The clearness of the ice depends upon the pressure to which 
it is subjected. 

657. Details. The pressure range is usually from 190 to 15 lb. gauge approxi- 
mately. The brine may be ordinary salt brine, consisting of 3 lb. of medium 
ground salt per gallon of water (specific beat about 0.8), or calcium chloride brine, 
iu the pi’oportion of 3 to 5 lb. of chloride to one gallon, or, on the average, at about 
23° Be., weighing 13J lb. iier gallon and permitting of a temperature of —9° F. 
The specific heat of this solution is about 0.9. The brine must be periodically 
examined with a salinometer. The ice-making capacity is not the same as the ice- 
melting effect descrilied iu Art. 033. To produce actual ice, the water must be 
cooled from its initial teiiqDerature to the freezing ]ioint, while the ice is usually 
formed at a temperature considerably below 32°. Roughly sx'>eaking, about one- 
half ton of actual ice may be made per ton of rated capacity. The productive 
capacity is further reduced by the losses attending tlie baudling of tlie ice. 

658. Tonnage Rating. The ice-melting- effect of a machine work- 

inp’ hetwe.en the nvessiires n a.nd P is. from Art. 883. 



Since X is determined by p and P, tlie capacity depends directly 
upon the pressure range and the piston displacement. The Ameri- 
can Society of Mechanical Engineers (14) has standardized these 
pressures by assigning 90° and 0° F. as the corresponding tempera- 
ture limits. This makes the lowest possible room temperature about 
15° F. with direct expansion and about 25° F. with brine circulation. 
Lower temperatures are frequently required. The lower of the 
assigned temperatures also fixes the value of m. For any other 
pressures, q, Q, at the state ilf, a;, the tonnage capacity would be 

P= m{i - 0. 04 -1)^(1 (142 X 2000) ; whence 

Jffl-0.04 

* m(^l-0.04£j(l-X)L 

659. Compressor Proportions. The builders of machinery do not in all 
cases rate their machines on tliis basis. Many of them merely state the 
piston displacement (which may range from 6500 to 8700 cubic inches per 
minute per ton of nominal capacity) or the weight of vapor circulated 
under given jiressure conditions. Power rates usually range from one to 
two horse poAver at the engine per ton of capacity; piston speeds vary 
from 125 to 600 ft. per minute. 

660. Tests. A standard code for trials of refrigerating machines 
is under consideration by a coininittee of the American Society of 
Mechanical Engineers, a preliminary report having already been 
made (15). Results of tests are stated in ice-melting effect in pounds 
per pound of coal or per indicated horse power hour at the compressor 
engine. Where the coal is not measured, 8 lb. of coal per hour are 
often assumed to he equivalent to one horse power. Let a be the 
ice melting effect per indicated horse power : then 

142 a -i- (1980000 h- 778) = 0.0557 a 
is the efficiency from engine cylinder to cooling room. Let h be the 
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pevature range was from 272° to 80° F. ; the coefficient of performance for the 
Carnot cycle would have been 2.83. Tlie equivalent efficiency from coal to com- 
pressor cylinder in a conqmession machine must then have been at least 

0.173 ^ 2.83 = 0.0613 ; 
or from coal to engine cylinder, about 

1.2 X 0.0612 = 0.07344. 

664. Commercial Types. Compressors may be driven directly from a steam 
cyliude]-, or by belt. Any form of slow-s 2 Deed engine may be used for driving ; 
a favorite arrangement is to have the steam cylinder horizontal and the ammonia 
cylinder vertical, as in Fig. 313. Tandem or cross-comqjouud engines may be 
used. The ammonia condenser may he an ordinary surface condenser, or an 
atmospheric condenser of the form described in Art. 585, consisting of a coil of 
expo.sed pipes over which streams of water trickle. In other ty 2 :)es, the ammonia 
coils are submerged in a tank of circulating water. Cooling tow'ers are used 
ivhere there is an inadequate water srqDply. 
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SYNOPSIS OF CHAPTER XVIH 

A heat cycle may be reversed, the heat rejected exceeding that absorbed by the ex- 
ternal work done. 

The Carnot cycle would lead to a bulky machine. Actual air machines work with a 
regenerator or in the Joule cycle. Iii this latter, the low-temperature heat ex- 
tracted from the body to be cooled is mechauically raised in temperature so that 
it may be cai’ried away at a comparatively high temperature. The mechanical 
compression may occur in one or more stages. 

The Jonle cycle is bounded by two constant pressure lines and two like polytropics. 
If the latter are adiabatics, 

W= Mlc(T„ - T - T„ + Ta), Q = Mk(F - Tf),q== MJc(n - T,). 

The displacement per stroke of a double-acting compressor is MRTc 2 NFc', that of 



range should he low. 
ahatic. 


Value for Joule cycle = 


Tg ^ 

T, - Tg 



if paths are adi- 


The Kdvin loarming machine works in the Joule cycle and delivers heat proportional 


to the work expended in the ratio — 


Ta 


n 


- , which may greatly exceed 


unity. 

The vapo?' compression machine uses no expansion cylinder. Hefrigeration results from 
evaporation, but is reduced by the excess liquid heat carried to the cold chamber. 


The vaporizer is the body to be cooled ; the eojideuser removes the heat to be rejected ; 
the compressor mechanically raises the temperature without the addition of heat ; 
cooling of the fluid occurs during its passage through the expansion valve. 

The path through the expan.sion valve is oaie of constant total heat ; otherwise, the 
cycle is ideally that of Clccusms. 

Q — xl — (II — /t), q = XL, W = XL + II — h — :d, for vapor wet throughout com- 
pression. 


The vapor may be wet, dry, or superheated at the beginning of compression. 

The fluid tised should be one having a large latent heat and .small specific heat. Nllg, 
SO 2 , and CO 2 are those principally employed. K^O is used for very low tem- 
peratures. hours 

Capacity = ice-melting effect in tons per 24 hours = corrected for 

superheating. 

Economy = ice-melting effect per pound of coal per Ilip.-hr. 

Calculations of economy, capacity, and dimensions must include the corrective factor 

(1-0.04 I). 

The absorption 'machine replaces the coiupre.ssor by the absorber and the generator. 
For low vaporizer temperatures it is theoretically superior to the compres.siou 
apparatus. The ahsoi’ptioii apparatus should give au efficiency equal to that in a 
non-condensing engine-driven compre.ssion system wlien the vaporizer tempera- 
ture is 5°, and to that in a condensing eiigine system when it is 0°. Computation 
of heat balance. 

Refrigeration may he indirect, by direct expansion or by brine circulation. 

In ice malcing the can system is more rapid and occupies less space, while costing less, 
than the stationary cell or plate system. Clear ice is produced by using distilled 
water aud as high a temperature as possible. Au economical compressor engine 
is unnecessary. The pres, sure range is usually from 30 to 205 Ih. The actual ice 
production is about one half the “ ice-nielting capacity.” 

The A. S. 31. E. basis for rating machines is at temperatures of 0^ and 90'^ F. 

Usual piston displacements are from 0500 to 8700 cu. in. per minute per ton of rated 
capacity ; engine jpozeer rates, from 1 to 2 Ihp. per ton. 

Efficiency from engine cylinder to cooling room = 0.0557 x ice-melting effect per 
Ihp.-hr. 

Efficiency from coal to cooling room = 0.01015 x ice-melting effect per pound of coal 
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PROPERTIES OE DRY SATURATED SULPHUR DIOXIDE 
(Condensed from Zeuuer's Technical Thermodynamics, Klein Ed., by permission of D. Yan Nostrand Co. 



Eor explanation of symbols, see Art. 420. 
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PROBLEMS 

Note. Our knowledge of the properties of some of the vapors used in refrigeration 
is far from accurate. Any general conclusions drawn from the results of the problems 
are therefore to be regarded with caution. (See Art. 402.) 

1 . Plot to scale to FV coordinates a Carnot cycle for air in which 7’=80"P., 
« = 0° F., and the extreme range of specific volumes is from 1 to 4. Compare it.s area 
with that of the Joule cycle between the same volume and i)re.ssure limits. 

2 . In a Bell-Coleman machine working between atmo.spheric and 711. 5 lb. pres-surc, 
the temperature of the air at the condenser outlet is 80°, and that at the coinpre.s.sor 
inlet is 0°. Find the temperatures after expansion and after compres.sion, the curves 
following the law ppi-® = c. 

3 . Find the coefficient of performance for a Bell-Coleinan machine with pre.ssures 
and temperatures as given above, but with compression in two stages and intercool- 
ing to 80°. (The intermediate pre.ssure stage to be determined as in Art. 211.) Com- 
pare with that of the single-stage apparatus.* 

4 . Compare the consumption of water for cooling in jackets and condenser and 
for intercooling, in the two cases suggested. (See Art. 284.) 

5. The machine in Problem 2 is to handle 10,000 cu. ft. of free air at 32° F. per 
hour. Find the sizes of the double-acting expansion and compres.siou cylinders ideally 
necessary at lOOr.p.m. and 400 ft. per minute ifiston speed. Volumetric efficiency = 0.7. 

6. What would be the sizes of compressive cylinders, under tlicse conditions, if 
compression were in two stages? 

7. Find the following: cylinder dimensions, power consumed, coefficient of per- 
formance, and cooling water consumption; for a single-stage, double-acting, dcn.se air 
machine at 00 r. p. m., 300 ft. per minute piston speed, the pressures being 05 and 225 
lb., the compressor inlet temperature 5°, the condenser outlet temperature of air 95°, 
and the circulating water rising from 05° to 80°. The apparatus is to make ^ ton of 
ice per hour from water at 05°. The curves follow the ]awpi;>-'’^=c. 

8 . Find the theoretical coefficient of performance of a sulphur dioxide machine 
working between temperatures of 04.4° and 5° F., the condition at the beginning of 
compression being, (a) dry, (6) 60 per cent dry. Also (c) if the substance is dry at 
the end of compression. 

9. Check all values in Art. 632. 

10 . What is the theoretical ice-melting capacity of the machine in Problem 5 ? 

11 . Find the ice-melting capacity per horse power hour in Problem 7. 

12 . Find the results in Problem 7 for an ammonia machine working between 5° and 
95°, the vapor being just dry at the end of adiabatic compres.sion. How do the coeffi- 
cients of nerforma.nofi in the two finse.s comnare with those of the corresnonding Carnot 
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the cycles arc those of Carnot, and introduce r(>a.sonabl(3 efficiency ratios, dcteruiining 
the probable efficiency (referred to power only) of the entire apparatus. 

15. Compare the coefficient of performance in rruhleni 12 ^Yith those in which the 
vapor is (a) 80 per cent dry, (6) dry, as it leaves the vaporiz(;r. 

16 . Find the coeilieient of performance in Problem 15 (b) if the compressive path 
is Ppi’-® = c. (Compare the Panibour cycle, vVrt. 410.) 

17. Compare the ratio - — at 5° and 04.4''’ F. (Art. 632), for 

,s])CoiHc heat ot lupiid 

ammonia, carbon dioxide, and sulphur dioxide. Draw inference.s. 

18 . Plot on the entropy diagram in Problem 12 the path of the substance through 
the expansion valve, determining live i)oints. 

19 . Find the temperature at the generator discharge, of an ammonia absorption 
machine, the liiprid from the absorber being delivered at 110” F. and 30 lb. pressure, 
and the pressure of vapor leaving the generator being 108 lb. 

30 . An ammonia comprG.ssion apparatus is reipiired to make 200 tons of ice per 
24 hr.; in addition it must cool 1,000,000 cu. ft, of. air from 00” to dO” each horrr by 
indirect refrigeration. Making allowances for practical imperfections, lind the tonnage 
rating, cylinder dimensions, power consumed, cooling water consumption, and ico- 
melting effect per Ihp.-hr., the machine being double-acting, 70 r, p. m., 660 ft. per 
minute piston speed, o])eraliug between 33.(17 and 108 lb. pressure with vapor dry at 
the end of adiabatic comprcission, water being availabh; at (15°. Fstiniate whether the 
exhaust steam from the engine will provide snllicient water for ice making. 

21. Make an estimate of the prodnetion of ice per pound of coal in a good plant. 

22 . What is the tonnage rating of the machine in Frohlem 20 on the A.S.M.E. 
basis ? 

23 . Coal containing 13,600 B. t. u. per pound drives a simple non-condensing 
engine operating an ammonia compression apparatus. The ice-melting effect is 81 lb. 
per Ilip.-lir. at the engine cylinder. The coal consumption is 3 lb. jicr Ihp.-lir., and the 
mechanical efficiency of tlie (Mmibiued engine and compre.s.sor is 0.80. Find ’the ice- 
melting effect per iJound of coal, the coeffioient of performance, the efficiency from fuel 
to engine cylinder, and the efficiency from fuel to refrigeration. May this last exceed 
unity ? 

24 . An absoiption ai)paratus gives an ice-imdting effect of 1.8 lb. per pound of 
dry steam at 27 lb. i)res.sure from feed water at 65° F. Prove that this performance 
may be excelled by a compression plant. 

25. Find a relation bel.weeu (•ti<\l}lrir:nt of pryformaiire and ice- melting effect per 
Ihp.-iir. at the compres.sor cylinder. 

26 . Find tlie tonnage on the A.R.hl.F. slandard basi.s of a 12 x 30 inch double- 
acting compressor at 60 r. p, m., using (n) ammonia, (6) carbon dioxide. 
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29. Compare the coefficients of performance, in Art. G32 and in Problem 8, with 
those of the corresponding Carnot cycles. 

30. Compute the value of X in Art. 058. 

31. Compute as in Art. 032 the. result.s for carbon dioxide. Why might not elhr.r 
be included in a similar comijarisun ■’ 

32. Ether at 52"^ E. is compressed adiahatically to 232° E., becoming wlioliy liquid. 
What was its initial condition ■’ (Fig. 315.) 


PRESSURE. LBS. PER.SQ. IN. 



ENTROPY 


Fig. 31:“. — Entropy Chart for Ether. 

83. Discuss variations witli temperature of the total heat of ammonia, sulphur 
dioxide, carbon dioxide. (See tables, irp. 422-J24.) 

34. Plot a total-heat entropy diagram for carbon dioxide. 

35. Find the ratio fur the A.S.M.E. 

rated tonnage 

temperature limits, with vapor dry at tlie begiiniing of cninpression. (Art. 659.) 

36. Find a general expression for the coefficient of performance in the Joule cycle. 



PRESSURE LBS. PER SQ. INCH 



Entropy Chart for Carbon Dioxide. (Plotted with the constant value 0.20 for the specific heat of the superheated vapor.) 




Entropy above 32° F., B.t.u.’ 

Fie. 3J(j. — Eutropy Chart for Ammonia. 






INDEX 


(Referring to Art. Nos.) 


Absolute humidity, 382c. 

Absolute. temperature, 152-156, IG/ . 
Absolute zero, 44, 45, 156. 

Absorption refrigerating machine, 639-643. 
Accumulator, 541. 

Adiabatic, 83, 100-105, 168, 173, 176, 325. 
Adiabatic expan, sioii of steam, 372, 373, 
416, 431a, 432, 513, 515, 517-520. 
of mixture, 382/, 3S2/i. 
specific heat variable, 329a. 

Adiabatics of vapors, 391-397. 

Afterburning, 325. 

Aftercooler, 208. 

Air, Carnot cycle for, 249. 
free, 233. 

moisture in, 182, 208; page 240. 
liquid, 246, 355, 609-610. 
saturated, 382c. 
in solutions, 591. 
specific heat, 71, 72. 

Air compressor, 193-212, 215, 216, 221- 
242, 540. 

Air cooling in compressor, 199. 

Air engine, 177, 180-192, 245, 254. 

Air refrigerating machine, 227, 612-620, 
661. 

Air-steam mixture, 382c, 3S2/, 3S2p. ^ 

Air supply, boiler furnace, 560, 563— 56^, 
573, 575. 
gas engine, 309. 

Air thermometer, 41, 42, 48, 49, 152. 

Air transmission, 243, 245. 

Alcohol engine, 279, 280, 341. 

Alcohol thermometer, 7. 

Altitude. 52a. 

Ammonia, 40-3, 606, 630-632, 640, 644, 
Tabic, p. 486, Fig. 316. 

Ammonia absorption machine, 639—643, 
663. 

Analysis of producer gas, 285. 

Andrews’ critical temperature, 379, 380, 
605, 607. 

Anthracite coal, 560. 

Apparent ratio of expansion, 450. 

Apparent specific heat, 61. 

A nrnw Pllfri'ne. 276. 296, 297. 


Automatic ignition, 322. 

Automobile engine, 335, 340, 348. 

self-starter, 351. 

Auxiliaries, ga.s producer, 281. 

Avogadro’s principle, 40, 53, 56. 

Back'pressure, 405a, 448, 459, 549?i. 
Ballonet, 52a. 

Balloon, 52a. 

Barometric condenser, 584. 

Barrel calorimeter, 489. 

Bell-Coleman refrigerating machine, 613- 
620, 661. 

Bicycle, motor, 340. 

Binary vapor engine, 483^ 

Blading, turbine, 530, 535. 

Blast furnace gas, 276, 278, 329, 353. 
Blomng engine, 179, 211, 239. 

Boiler, 143, 560, 568-573. 

Boiler efficiency, 569, 571-573. 

Boiler horse-power, 570. 

Boiling points of ammonia solutions, 040. 
Boulvin’s method, 455, 456. 

Boyle’s law, 38, 39, 84. 

Brake hoi'se power, 554. 

Brauer’s method, 117. 

Brayton cycle, 299, 300, 302, 304. 

Brine, 646, 657. 

Brine circulation, 645-647. 

British thermal unit, 22. 

Bucket, 612, 527-530. 

Calcium chloride brine, 646. 

Caloric theory, 2, 131. 

Caloric, 23. 

Calorimeter, 488-404. 

Calorimeter testing of steam engine, 504, 
505, 511. 

Capacity, air compressor, 222-229, 230- 
237. ■ 

air engine, 182, 183, 188, 190. 

air refrigerating machine, 616 618, 619. 

compound steam engine, 476-477. 

gas engine, 277, 330. 

hot-air engine, 248, 249, 275, 277. 


Carboa monoxide, 5G5. 

Carbon tetrachloride, 382/t. 

Carbureted air, 27d. 

Carburetor, 279, 282, 310, 336. 

Cardinal property, 10, 76, 81, 88, 160, 102, 
169, 176, 37U, 399. 

Carnot, 28, 130. 

Carnot cycle, 128 143, 253, 451. 
air engine, 250. 
entropy diagram, 159, 106. 
for air, 249. 
for steam, 406. 
reversed, 138, 612, 621. 

Carnot funrtion, 155. 

Cascade system, 008. 

C'entigrade heat unit, 2.3. 

Centigrade thermometer, 8. 

Change of state, 15-18. 

Characteristic equation, 10, 50, 84, 363, 
390, 401, 403. 404. 

Characteri.stic surface, 84. 

Characteristic symbols, p. xiii. 

Charles’ larv, 41-49, 84. 

Chimney, 575. 

Circulation in steam boiler, 569. 

Clapeyron’s equation, 368. 

Clausius cycle, 40S, 410, 447, 514, 

Cl.ausms ratio, 127n. 

Clearance, 188. 

air compressor, 222, 223. 
gas engine, 295, 313, 324. 
steam engine, 450, 451, 462, 471, 5491. 
vapor eompre.ssor, 616, 018. 

Clerk’s gas engine, 300, 303-305. 

f.dosed feed-water heater, 581. 

Closed hot-air engine, 248, 275. 

Coal, 560, 578. 

Coal gas, 276, 278, 329. 

Coefficient of performance, 621, 622, 62S. 

Coil calorimeter, 490. 

Combined diagrams, 466-468, 475-479. 

Combustion, 1275, 560, 561, 563-56/, 509, 
573, 575. 
surface, 5G9. 

Complete pressure gas engine cycle, 300, 
303-305. 

Compound steam engine, 438, 459-4S3j 
510, 548a, 5485, 550. 

Compound locomotive, 510. 

Compressed air, 177-247. 

distributing system, 212-221. 
refrigeration by, 227. 
storage system, 185, 245. 
transmission, 243-245. 
uses, 177, 178. 

Compression, in air compressor, 105-211. 


compressor, air, lyd-ziz, Zio, Zib, zzi- 
242, 540. 

vapor, 624-638, 642, 658, 660, 6G2, 664. 
Condensation in steam cylinder, 428-443, 
448, 460. 

Condenser, 496, 502, 584, 585, 591, 617, 
635, 664. 

Condenser pumps, 584. 

Constant dryness curve, 369. 

Constant heat curve, 370, 398. 

Constant volume curve, 377. 

CJonstant weight curve, 365. 

Constrained expansion, 124. 

Cooling of gas engine cylinder, 312, 314- 
318, 325. 

Cooling pond, 585. 

Cooling tower, 585, 664. 

Cooling water in refrigerating plant, 617, 
635. 

Coordinate diagrams, 81-127, 158. 

Criterion of rever.dbility, 139-141, 144-149. 
Critical temperature, 379, 380, 605, 607. 
Cross-compound steam engine, 464, 477, 
478.^ 

Curtis steam turbine, 524, 531, 537. 
Cuishion air, 262, 264. 

Cushion steam, 453, 457a, 575. 

Cycle, Carnot, 128-143, 253, 451. 

Cycle, external work, 89. 
forms, 130. 
heat engine, 129. 
heat expended in, 90. 
regenerative, 259. 
reversed, 90. 

reversible, 138-141, 147, 148, 152, 175, 
176. 

Cycles, air: 

air compres.sor, 194-211. 
air-engine, 180-183. 
aiz'^refrigeration, 615. 
air system, 218-221. 

Bell-Coleman, 615. 

Ericsson, 270. 
hot-air engine, 256. 

Joule, 2.54, 255, 613, 622. 

Lorenz, 252. 
polytropio, 251. 
regenerative air engine, 259. 

Reitlinger, 253, 259. 

Stirling, 264. 

Cycles, gas, 270, 2S7-30S, 329a. 

Brayton, 299. 

Clerk, 300, 303-305. 
complete pressure, 300, 303-305. 

Diesel, 300, 307, 3075. 

Frith, 205b. 


air machine, ^54, zdo, bid, bio, b^d. 
regenerative, 259, 610, 612. 
vapor machine, 627. 

Cycles, steam, 417, 418, 422-458, 544. 
binary, 483. 

Clausius, 408-410, 417, 447, 514. 
non-expansive, 412, 417, 423. 

Pambour, 413, 417. 

Rankine, 411, 417, 424, 429, 447, 544. 
regenerative, 544. 
superheated, 414-418, 544. 
turbine, 514. 

Cylinder condensation, 428-444, 447, 400. 
Cylinder efficiency, 212, 215, 216, 229. 
Cylinder feed, 453, 466. 

Cylinder ratios, 474, 480, 543a, 549«. 
Cylinder walls, 429, 431a, 432, 504, 505. 
vapor compressor, 637. 

Dalton’s law, 40, 525, 3825. 

Davis’ method for determining 77, 360, 388. 
De Laval steam turbine, 512, 524, 530, 
536. 

Dense air refrigerating machine, 620. 
Design of compound engine, 469-472. 
Desormes’ apparatus, 110. 

Development of steam engine, 643o. 
Diagram, coordinate, 81-127, 158. 
entropy, 158-100, 164, 1Q&, 169-171, 
174, 184, 218-221, 255, 266, 295a, 
2955, 307, 347, 367, 370-378, 398, 
453-458, 615, 027. 

indicator, 437, 452, 454, 486-487, 600, 
501. 

indicator, gas engine, 311. 

Mollier, 399, 516, 532. 
of energy, 86-90. 

temperature-entropy, 158-160, 164, 166, 
169-171, 174, 184, 218-221, 255, 266, 
295a, 2956, 307, 347, 367, 376-378, 
398, 453-458, 615, 627. 
total heat entropy, 399, 516, 532. 
total heat-pressure, 399. 
velocity, 527-529, 534. 

Diagram factor, 329, 334, 445, 466, 633. 
Diesel engine, 306, 307, 3076. 

Difference of specific heats, 65, 67, 77, 165. 
Diffusion of gases, 1276. 

Direct expansion, 644. 

Disgregation work, 3, 12, 15-17, 53, 56, 
64, 75, 76, 78, 80, 359, 360. 

Dissipation of energy, 176. 

Dissipation of gases, 1276. 

Dissociation, 63, 1276, 318, 325. 
Distillation, 591-601. 

Distribution of work, compound steam 


JL>ry vacuum pump, 237, o84. 

Dryness curve, 369. 

Duplex compressor, 239. 

Duty, 503. 

Economizer, 282, 582. 

Effects of heat, 12-17. 

Efficiency, air engine, 180, 185, 190, 192. 
Ijoiler, 569, 571-573. 

Brayton cycle, 299. 

Carnot cyc-h;, 135, 136, 142, 166. 
Clausius cycle, 409. 
compressed air system, 212-217. 
compressive, 213. 

Diesel engine, 307, 3076. 

Ericsson engine, 248, 249, 269-273. 

Frith engine, 2956. 

gas engine, 295, 295a, 2956, 308a, 32ga. 

334, 342-346. 
gas prodin.'or, 284-286. 
heat engine, 12S, 142, 143, 149. 
Humphrey pump, 308a. 
injector, 588, 590. 

Joule air engine, 235. 

Lenoir cycle, 298, 301. 
mechanical, 212, 214, 210, 342, 345, 487, 
503, 511, 553-558. 
multiple-effecit evaporalioii, 599. 
non-expansive cycle, 412, 
nozzle, 518. 

Otto gas engine, 295-297, 300, 329a. 
Pambour cycle, 413, 417. 
plant, 503. 

Rankine cycle, 411, 544. 
ratio, 544, 551. 

refrigerating machine, 621, 622, 634 
642, 661-663. 

refrigerating plant, 621, 022, 628. 
regenerative steam cycle, 544. 

Sargent cycle, 295a. 

steam engine, 496, 543n, 545-549o, 551. 

steam turbine, 526, 529, 552. 

Stirling engine, 265, 267, 268. 
supei’heatcd cycles, 415, 544. 
thermal, 342, 496. 
transmissive, 212-216, 243, 244. 
volumetric, 222-229, 233. 

Ejector, 587. 

Electrical ignition, 323. 

Electrical resistance pyrometer, 9. 

Electric calorimeter, 494. 

Energy, 10, 12, 70-78, 81, 100, 109, 113 
li9-123, 359, 374, 375, 382d. 

Engine, air, 177, 180-192, 245. 
binary vapor, 483. 
blowing, 179, 211, 239, 
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inl,(‘i'n!il eomlmnUiiii, 2 IS, 27f'i, 277, 2^7 
:i()S, ;i2S)a. 

Joule, 2.'ir,, 2.>). 

for niixeil viiporH, 2S2,. 

oil, 27(i, 27i), 2S(), 2‘JU. 

rotary .Ml, e.'uii, 177, l!)2. 

iSurgent, 2i)r)„. 

for Hix'cial v.'ii>oi':-i, •lOo,,. 

Hteani, Ml), JUS -1!!), 122 7,1 1, f,!’!, .ol.'le, 

turliiiie, 21)'.), r,12 r,!’.!, 

I'liigiiieeriiiK vajii, rs, 11)2. 

Miitroiiy, 10, 17,7 170. 

I'oriiiuliiH, 100. 
gn.ses, 100, 

inixlun'i-i, lOUii, l)S2'i’ ‘AS'.lh. 
pliysiciil i-ii('iiilii‘;mee, 1 0(1. 

Hpei'ilie Iif.'il.s N'.’ii'i.'il,!,', 1120/,. 
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Gas power, 276-353. 

Gas producer, 270-286. 

Gas producer auxiliaries, 281, 

Gas transmission, 276. 

Gas turbine, 540. 

Gas-vapor mixtures, 3826-382?:. 

Gases, dissipation of, 127a. 
diffusion of, 1276. 

Gases, kinetic theory, 53-56, 80. 
mixtures of, 526. 
properties of, 52, 63. 

Gay-Lussac’s law, 41-49. 

Goss evaporator, 601. 

Governing, air compressor, 238. 
gas engine, 290, 336-338, 348, 349. 
steam engine, 462, 468, 478, 505a. 

Gram-calorie, 23. 

Grate area, 284, 569. 

Gravity return drip .system, 583. 

Guarantees, steam engine performance, 
549o. 

Gunpowder, 123a. 


H, 359, 300, 38S. 

Heat absorbed, graphical representation, 
106, 123, 167. 

Heat, mechanical theory, 2-5. 

Heat balance, 345, 346, 496. 

Heat of comlmstion, 1276, 501a. 

Heat consumption, 544. 

Heat droir, 515-519. 

Heat engine, 12S, 130, 132, 139, 142, 
143. 

Heater, feed-water, 580-582. 

Heat factor, 170. 

Heat of formation, 501a. 

Heat of liquid, 359. 

Heat unit, 20-23. 

Heat value, 561 , 561a. 

Heat weight, 170, 172. 

Heating surface, 509. 

High-speed steam engine, 434, 507. 

High steam pressure, 143, 444, 459, 402. 
Him, 32. 

Hirn’s analysis, 504, 505, 511. 

Hit-or-miss governing, 349. 

Horse power, boiler, 570. 
brake, 554. 

Hot-air engine, 248-275, 277. 

Hot-air jacket, 439. 

Hot-tube, ignition, 322, 336, 337. 

Humidity, 382c. 

Humphrey pump, 308a. 

Hydraulic compressor, 241. 

Hvtlrnulic. nistnii ccininresKor. 240. 


Ice making, 652-057. 

Ice-melting effect, 634. 

Ignition, 105a, 314-323, 325, 336, 337. 
Impulse turbine, 524, 530-533, 536-538. 
Incomplete expansion, 181, 430, 447, 465, 
467, 468. 

Indicated thermal efficiency, 342. 

Indicator, 424, 484-485. 

Indicator diagram, 437, 452, 454, 486-487, 
500-501. 
gas engine, 311. 

Indirect refrigeration, 648. 

Induced draft, 577. 

Initial condensation, 430, 433, 436, 437, 
442, 44S, 460. 
formula for, 437. 

Injector, 587-590. 

Injection of water, 196, 200. 

Injector condenser, 584. 

Intercooler, 200, 207. 

Intennediatc compound, 474, 480, 540a. 
Internal combustion engine, 248, 276, 277, 
287-308, 308a, 329a. 

Internal combustion pump, 30Sa. 

Internal energy, 10, 12, 70-78, 81. 100, 
109, 113, 119-123, 359, 374, 375, 3S2d- 
3S2;g 

Internal work of vaporization, 359, 360. 
Internally fired boiler, 568, 569. 

Inversion, 373, 395, 401. 

Irreversibility, 11, 73-76, 78, 175, 170. 
Irreversible process, 124-127, 160, 426, 613. 
Isenlropic, 108, 176. 

Isodiabatic, 108, 112. 

Isodynamic, 83, 96, 120-122. 

I.sodynamic vapor, 382. 

I.socnergie, S3, 90, 120-122, 382. 

Isometric, S3. 

Isopicstic, 83. 

Isothermal, 78. 83, 91-95, 122, 366, 382/. 

Jacket, gas engine, 352, 353. 
hot-air, 439. 

steam, 413, 438-441, 466, 482, 505, 

I 5496, 549m. 

1 vapor compressor, 635. 

I Jet condenser, 496, 502, 584. 

Joule air engine, 254. 

Joule apparatus, 2, 30. 

Joule cjmle, 254, 255, 613, 022. 

.loule experiment, 73-80, 124-127, 156, 176. 
Joule’s law, 75-80, 109. 

Junkers engine, 3076. 

Kelvin scale of absolute temperature, 153- 


Knoblauch and Jakob, 384. 

Lagging, 439. 

Latent heat of expansion, 58, 107. 
of fusion, 002-604. 
of evaporation, 359, 360. 

Leakage, 4315, 452, 549k. 

Lenoir cycle, 29S, 300, 301, 304. 

Linde apparatus, 240, GIO. 

lane of inversion, 373. 

Liquefaction of gases, 605-610. 

of steam during expansion, 372, 373, 
431a, 432. 

Liquid air, 246, 355, 609, 010. 

Liquids, mixtures, 169a. 

Locomotive boiler, 568. 
superheater, 443, 509, 553. 
tests, 497, 511, 533. 
theorj', 509. 
turbo-, 540. 
types, 509, 510. 

Logarithms, pp. 71, 72. 

Logarithmic diagram, 4315, 446. 

Loop, steam, 583. 

Lorenz cycle, 252. 

Losses in steam boiler, 566. 
in steam turbine, 514. 

Mariotte’s law, 38, 39. 

Marine boiler, 568. 

Marine turbine, 540. 

Mathematical thermodynamic method, 
400, 401. 

Mayer, 29, 72. 

Mayer’s principle, 94. 

Mean effective pressure, 329, 331, 445, 471, 
486. 

Moan specific heat, 61, 164. 

Mechanical draft, 576, 582. 

Mechanical efficiency, 212, 214, 216, 487, 
503, 511, 553-558. 
gas engine, 342, 345. 

Mechanical equivalent of heat, 2, 28-37, 
79, 505. 

Mechanical theory of heat, 2-5. 

Mercurial thermometer, 7. 

Metallic pyrometer, 9. 

Mixtures, 20, 21, 2.5. 
air and moisture, 182, 208, 382a. 
expansion of, 382d-3S2/, 3825. 
entropj' of, 109a, 382d-3S25. 
freezing, 15, 611. 
gas and vapor, .525, 3S25-3S2f. 
in gas engine, 309, 310, 321, 348. 
in heat engines, 3827". 
internal energy of, 382(i-3825,. 


Mollier diagram, 399, 516, 632. 

Monatomic gas, 127a. 

Mond gas, 278, 283. 

Motor-bicycle, 340. 

Multiple-effect evaporization, 594-601. 
Multiple expansion, 438, 459-483, 510, 
548a, 5485, 549a, 560. 

Multi-stage air compression, 205-211, 221, 
226, 232, 234, 235, 239. 

Multi-stage vapor compression, 629. 

n, 91, 97, 115-118, 164, 3295, 382/, 4315, 
446. 

Natural gas, 276, 278, 329. 

Negative specific heat, 115, 371. 

Negative work, 87, 89, 99. 

Neutrals, 319, 320. 

Newhali evaporator, 593. 

Nitrous oxide, 631. 

Non-expansive cycle, 412, 423. 

Nozzle, 512-515, 518-523, 525. 

Oil engine. 276, 279, 280, 299, 306, 307. 

Oil fuel. 280. 

Oil gas, 279. 

Open feed-water heater, 581. 

Opposed beam engine, 464a. 

Optical pyrometer, 9. 

Ordnance, 123a. 

Orifice, 523. 

Osmosis, 1275. 

Otto cycle, 276, 287-297, 300, 309-329, 
329a. 

Overload capacity, gas engine, 330, 333. 

steam engine, 447. 

Oxygen, 606, 608, 609. 

Pambour cycle, 41.8. 

Parfsons turbine, 524, 533, 539, 555. 

Path, 83, 85, 88, 97-99, 111-118. 

Paths of vapors, 392-399. 

Paths of mixtures, 382d, 382e. 

Pelton bucket, 529. 

Perfect gas, 39, 50, 51, 53, 56, 74, 80, 607. 
Permanent gas, 1(),;63, 605. 

Petletdn evaporator, 601. 

Pictet apparatus, 608. 

Pictet fluid, 631. 

Piston speeds, gas engine, 320. 

steam engine, 445. 

Plant efficiency, 503. 

Pneumatic tools, 178. 

Polyatomic gas, 127a, 1275. 

Polytropic cycle, 251. 

Polytropic paths, 97-99, 111-118, 125, 161, 
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Transmissive efficienc. 5 ^ 212, 216, 243, 244. 

Triple-expansion engine, 461, 474, 480, 
543a, 549a. 

Tubes in boilers, 569. 

Turbine, gas, 540. 
exhaust steam, 540, 552. 
steam, 512-542, 552, 555, 584. 

Turbo-compressor, 239, 540. 

Turbo-locomotive, 540. 

Turbo-pump, 540. 

Two-cycle gas engine, 289-292, 329, 339. 

Two specific heats of gases, 57, 58, 62, 64- 
72, 107, 127a, 165. 

Types, air compressor, 238-242. 
gas engine, 336-341, 350—351. 
locomotive, 509, 510. 
multiple-expansion engine, 461. 
steam engine, 507. 
vapor compressor, 664. 

Uniflow engine, 507a. 

Universal gas constant, 52, 69. 

Vacuum, footnote, page 368. 

Vacuum distillation, 591-601, 

Vacuum pump, 236, 237, 584, 591. 

Valves, air compressor, 195, 242. 
gas engine, 310, 326, 350. 
steam engine, 350, 452, 507. 

Vapor, paths, 392-399. 
specific heat, 401. 

Vapor adiabatic, 391-397. 

Vapor compressor, 624-638, 642, 658, 660, 
662, 664. 

Vapor refrigeration, 624-643, 647, 662. 

Vaporization, internal work, 359, 360. 
latent heat, 359, 360. 

Vaporizer, 279, 282, 310, 336, 612, 626. 

Vapors, 16, 17, 354-421. 
for heat engines, 402, 405a. 
mixtures, 382 ft,. 

for refrigeration, 400-405, 630-632. 
saturated, 356. 
superheated, 356. 

Varialfie specific heat, 329a, 3296, 564. 

Variables, steam engine economy, 545- 
5490. . 

Velocity diagram, 527, 529, 534. 

Velocity of molecules, 1276. 
of projectiles, 123a. 
in throat of nozzle, 522. 

Velocity turbine, 524, 530-533, 536-538. 


Velocity, wave, 105a, 316. 

Velocity work, 127, 176, 512, 518, 525. 
Vibration work, 3, 12, 13, 54-56, 

Volume curves, 377. 

Volume temperature equation, page 296. 
Volumetric efficiency, 222-229, 233. 
Volumetric specific heat, 66, 67. 

Volume, vapor, 360, 363, 368, 369, 401. 

AValls, gas engine cylinder, 312, 317, 325, 
347. 

steam cylinder, 429, 431a, 432, 504, 506. 
vapor compressor, 637. 
tv arming machine, Kelvin, 623. 

Water, air compressor, 195-200, 206, 207. 
in refrigerating plant, 617, 635. 
specific heat, 24, 26, 359. 

Water ps, 278, 281, 329. 

Water jacket, air compressor, 201, 204. 

gas engine, 312, 317, 325, 352, 353. 
Water supply, evaporator, 600. 

Water-tube boiler, 568, 569. 

•Watt's diagram, 86-90. 

Watt’s law, 359. 

Waves, explosion, 319, 325. 

Wave velocity, 105a, 316. 
Westinghouse-Parsons turbine, 539. 
Wet-bulb thermometer, 382c. 

Wet compression, 629, 647. 

Wet steam, 364, 367. 

Willans' line, 555. 

Wbredra'W'ing, 426, 442, 448, 451, 474, 618, 
549y. 

Wffiolf engine, 463. 

Work, Clausius cycle, 410. 
compression, 210. 

external, 14, 15, 86-90, 95, 98, 121- 123, 
160, 359, 374, 375. 
negative, 87, 89, 99. 
superheated adiabatic, 416. 
vapor adiabatic, 396. 
velocity, 127, 176, 512, 515, 518. 
rnbration, 3, 12, 13, 54-56. 

Wormell’s theorem, 36. 

3/, 57, 58, 62, 64-72, 101, 102, 105, 107, 
110, 127a, 165. 

Yaryan evaporator, 595-600. 

Zero, absolute, 44, 45, 156. 

of entropy, 171. 

Zero line, 373. 
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Ashe, S. W. Electric Railways. Vol.' II. Engineering Preliminaries and 

Direct Current Sub-Stations i3mo, 

Electricity: Experimentally and Practically Applied ixmo, 

Ashley, R. H. Chemical Calculations lamo, 

Atkinf/^. Common Battery Telephony Simplified i2mo, 

Atkinson, A. A. Electrical and Magnetic Calculations 8vo, 

Atkinson, J. J. Friction of Air in Mines. (Science Series No. 14.) . . i6mo, 
Atkinson, J. J., and Williams, Jr., E. H. Gases Met with in Coal Mines. 

(Science Series No. 13.) i6mo, 

Atkinson, P. The Elements of Electric Lighting lemo, 

The Elements of Dynamic Electricity and Magnetism lemo, 

Power Transmitted by Electricity i2mo, 

Auchincloss, W. S. Link and Valve Motions Simplified. . . 8vo, 

Austin, E, Single Phase Electric Railways 4to, 

Ayrton, H. The Electric Arc 8 vo, 
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Bacon, F. W. Treatise on the Richards Steam-Engine Indicator . . i2mo, i 00 


Bailes, G. M. Modern Mining Practice. Five Volumes 8vo, each, 3 50 

Bailey, R. D. The Brewers’ Analyst Syo, *5 00 

Baker, A. L. Quaternions 8vo, *i 25 

Thick-Lens Optics i2mo, *i 50 

Baker, Benj. Pressure of Earthwork. (Science Series No. 56.)...i6mo, 

Baker, I. 0 . Levelling. (Science Series Bo. 91.) i6mo, o 50 

Baker, M. W. Potable Water. (Science Series No. 61.) i6mo, o 50 

■ Sewerage and Sewage Purification. (Science Series No. i8.)..i6mo, o 50 

Baker, T. T. Telegraphic Transmission of Photographs i2mo, *r 25 

Bale, G. R. Modern Iron Foundry Practice. Two Volumes. i2mo. 


Bankson, Lloyd. Slide Valve Diagrams. (Science Series No. io8.) . i6mo, 

Barba, J. Use of Steel for Constructive Purposes 12 mo, 

Barham, G.B. Development of the Incandescent Electric Lamp. . ..8vo, 
Barker, A. F. Textiles and Their Manufacture. (Westminster Series.) 8vo, 

Barker, A. F., and Midgley, E. Analysis of Textile Fabrics 8vo, 

Barker, A. H. Graphic Methods of Engine Design i2mo, 

Heating and Ventilation 4to, 

Barnard, J. H. The Naval Militiaman’s Guide i6mo, leather 

Barnard, Major J. G. Rotary Motion. (Science Series No. 90.) i6mo, 

Barrus, G. H. Boiler Tests 8vo, 

Engine Tests 8vo, 

The above two purchased together 

Barwise, S. The Purification of Sewage i2mo, 

Baterden, J. R. Timber. (Westminster Series.) 8vo, 

Bates, E. L., and Charlesworth, F. Practical Mathematics i2mo, 

Part I. Preliminary and Elementary Course 

Part n. Advanced Course 


Practical Mathematics i2mo, 

Practical Geometry and Graph’cs i2mo, 

Batey, J. The Science of Works Management ramo. 

Beadle, C. Chapters on Papermaking. e Volumes i2mo, each, 

Beaumont, R. Color in Woven Design 8vo, 

Finishing of Textile Fabrics 8vo, 

Beaumont, W. W. The Steam-Engine Indicator 8vo, 

Eechhold, H. Colloids in Biology and Medicine. Trans, by J. G. 

Bullowa {In Press.) 

Beckwith, A. Pottery 8vo, paper, 

BedeU, F., and Pierce, C. A. Direct and Alternating Current Manual. 

8 VO, 

Beech, F. Dyeing of Cotton Fabrics 8vo, 

Dyeing of Woolen Fabrics 8vo, 

Begtrup, J. The Slide Valve 8vo, 

Beggs, G. E. Stresses in Railway Girders and Bridges {In Press.) 

Bender, C. E. Continuous Bridges. (Science Series No. 26.) i6mo. 
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Bengough, G. D. Brass. (Metallurgy Series.) {In Press.) 

Bennett, H. G. The Manufacture, of Leather 8vo, *4 50 

Beiinthsen, A. A Text - book of Organic Chemistry. Trans, by G. 

M’Gowan i2mo, *2 50 

Berry, W. J. Difierential Equations of the First Species. i2mo. {In Preparation.) 
Bersch, J. Manufacture of Mineral and Lake Pigments. Trans, by A. C. 

Wright 8 vo, *3 co 

Bertin, L. E. Marine Boilers. Trans, by L. S. Robertson 8vo, 5 00 



BUgh, W. G. The Practical Design of Irrigation Works 8vo, *6 oo 

Bloch, L. Science of lUumination. Trans, by W. C. Clinton Svo, *250 

Blok, A. Illumination and Artificial Lighting i2mo, 1 25 

Bliicher, H. Modern Industrial Chemistry. Trans, by J. P. Millington. 

Svo, *7 50 

Blyth, A. W. Foods; Their Composition and Analysis Svo, 7 50 

"—Poisons: Their Effects and Detection Svo, 7 50 

Bockmann, F. Celluloid i2mo, *2 50 

Bodmer, G. R. Hydraulic Motors and Turbines i2mo, 5 00 

Boileau, J. T. Traverse Tables Svo, 5 00 

Bonney, G. E. The Electro-platers’ Handbook izmo, 1 20 

Booth, N. Guide to the Ring-spinning Frame i2mo, *i 25 

Booth, W. H. Water Softening and Treatment Svo, *2 50 

Superheaters and Superheating and Their Control Svo, *i 50 

Bottcher, A. Cranes: Their Construction, Mechanical Equipment and 

Working. Trans, by A. Tolhausen ^ 4to, *10 00 

Bottler, M, Modern Bleaching Agents. Trans, by C. Salter .... lamo, *2 50 

Bottone, S. R. Magnetos for Automobilists i2mo, *i 00 

Boulton, S.B. Preservation of Timber. (Science Series No. 82.) . i6mo, 0 50 

Bourcart, E. Insecticides, Fungicides and Weedkillers Svo, *4 50 

Bourgougnon, A. Physical Problems. (Science Series No. 1 13.) . i6mo, 0 50 
Bourry, E. Treatise on Ceramic Industries. Trans, by A, B. Searle. 

Svo, *5 00 


Bowie, A. J., Jr. A Practical Treatise on Hydraulic Mining Svo, 5 00 

Bowles, O. Tables of Common Rocks. (Science Series No. 125.). i6mo, 050 

Bowser, E. A. Elementary Treatise on Analytic Geometry i2mo, i 75 

• Elementary Treatise on the Differential and Integral Calculus . i2mo, 2 23 

Elementary Treatise on Analytic Mechanics i2mo, 3 00 

Elementary Treatise on Hydro-mechanics i2mo, 2 50 

— — A Treatise on Roofs and Bridges i2mo, *2 25 

Boycott, G. W. M. Compressed Air Work and Diving Svo, *4.00 

Bragg, E. M. Marine Engine Design i2mo, *2 00 

Design of Marine Engines and Auxiliaries Press.) 

Brainard, F. R. The Sextant. (Science Series No. loi.) i6mo, 

Brassey’s Naval Annual for 1915 Svo, 

Brew, W. Three-Phase Transmission Svo, *200 

Briggs, R., and Wolff, A. R. Steam-Heating. (Science Series No. 

67.) i6mo, 0 so 

Bright, C. The Life Story of Sir Charles Tilson Bright Svo, *4 50 

Brislee, T. J. Introduction to the Study of Fuel. (Outlines of Indus- 
trial Chemistry.) 8vo, ”‘3 00 

Broadfoot, S. K. Motors, Secondary Batteries. (Installation Manuals 

Series.) ismo, *075 

Broughton, H. H. Electric Cranes and Hoists *9 00 



Brown, Wm. W. Dipping, Burnishing, Lacquering and Bronzing 

Brass Ware izmo, *i oo 

Handhook on Japanning and Enamelling izmo, *i 50 

House Decorating and Painting izmo, *i 50 

History of Decorative Art izmo, *i 25 

Workshop Wrinkles 8vo, *i oj 

Browne, C. L. Fitting and Erecting of Engines 8vo, 50 

Browne, R. E. Water Meters. (Science Series No. 81.) i6mo, 0 50 

Bruce, E. M. Pure Food Tests izmo, *i 25 

Bruhns, Dr. New Manual of Logarithms 8vo, cloth, z 00 

half morocco, z 50 

Brunner, R. Manufacture of Lubricants, Shoe Polishes and Leather 

Dressings. Trans, by C. Salter 8vo, ''3 00 

Buel, R. H. Safety Valves. (Science Series No. 21.) i6mo, o 50 

Burley, G. W. Lathes, Their Construction and Operation izmo, i 25 

Burstall, F. W. Energy Diagram for Gas. With Text 8vo, i 50 

Diagram. Sold separately *i 00 

Burt, W. A. Key to the Solar Compass i6mo, leather, 250 

Buskett, E. W. Fire Assaying izmo, *i 25 

B utler, H. J. Motor Bodies and Chassis 8vo, *2 50 

Byers, H. G., and Knight, H. G. Notes on Qualitative Analysis 8vo, *150 

Cain, W. Brief Course in the Calculus izmo, *i yg 

Elastic Arches. (Science Series No. 48.) i6mo, o 50 

Maximum Stresses. (Science Series No. 38.) i6mo, 0 50 

— —Practical Designing Retaining of Walls. (Science Series No. 3.) 

i6mo, 0 50 

I Theorjf of Steel-concrete Arches and of Vaulted Structures. 

(Science Series No. 42.) i6mo, 0 50 

■ Theory of Voussoir Arches. (Science Series No. 12.) i6mo, o 30 

• Symbolic Algebra. (Science Series No. 73.) i6mo, o 50 


Carpenter, F. D. Geographical Surveying. (Science Series No. 37.).i6mo, 
Carpenter, R. C., and Diederichs, H. Internal Combustion Engines. . 8vo, *5 00 
Carter, E. T. Motive Power and Gearing for Electrical Machinery . 8vo, 3 50 


Carter, H. A. Ramie (Rhea), China Grass izmo, *2 00 

Carter, H. R. Modern Flax, Hemp, and Jute Spinning 8vo, *3 00 

Bleaching, Dyeing and Finishing of Fabrics 8vo, *i 00 


Cary, E. R. Solution of Railroad Problems with the Slide Rule . . i6mo, *i 00 

Cathcart, W. L. Machine Design. Parti. Fastenings 8vo, *3 00 

Cathcart, W. L., and Chafiee, J. I. Elements of Graphic Statics . . .8vo, *3 00 

■ Short Course in Graphics izmo, i 50 

Caven, R. M., and Lander, G. D. Systematic Inorganic Chemistry. izmo, *2 00 

Chalkley, A. P. Diesel Engines 8vo, *3 00 

Chambers’ Mathematical Tables 8vo, i 75 
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i2mo, 2 00 

W W, DhiIt wsit-rs, Scale, Corro.sion, Foaming 8vo, *300 
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i6mo, 0 50 
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Cowell, W. B. Pure Air, Ozone, and Water i2nio, *2 00 

Craig, J. W., and Woodward, W. P. Questions and Answers About 

Electrical Apparatus lamo, leather, i 50 


Craig, T, Motion of a Solid in a Fuel. (Science Series No. 49.) . i6nio, 0 s& 

Wave and Vortex Motion. (Science Series No. 43.) i6mo, o 50 

Cramp, W. Continuous Current Machine Design 8vo, *2 50 

Greedy, F. Single Phase Commutator Motors 8vo, *2 00 

Crocker, F. B. Electric Lighting. Two Volumes. 8vo. 

Vol. I. The Generating Plant 3 07 

Vol. II. Distributing Systems and Lamps 

Crocker, F. B., and Arendt, M. Electric Motors 8vo, *2 50 

Crocker, F. B., and Wheeler, S. S. The Management of Electrical Ma- 
chinery i2mo, *i oa 

Cross, C. F., Bevan, E. J., and Sindall, R. W. Wood Pulp and Its Applica- 
tions. (Westminster Series.) 8vo, *2 00 

Crosskey, L. R. Elementary Perspective 8vo, i 00 

Crosskey, L. R., and Thaw, J. Advanced Perspective 8vo, i 50 

Culley, J. L. Theory of Arches. (Science Series No. 87.) i6mo, o 50 

Dadourian, H. M. Analytical Mechanics i2mo, *3 00 

Dana, R. T. Handbook of Construction plant lamo, leather, •■•5 00 

Danby, A. Natural Rock Asphalts and Bitumens 8vo, *2 50 

Davenport, C. The Book. (Westminster Series.) 8vo, "2 00 

Davey, N. The Gas Turbine 8vo, "‘4 00 

Davies, F. H. Electric Power and Traction 8vo, *2 00 


Foundations and Machinery Fixing. (Installation Manual Series.) 

6mo, *i 00 

Dawson, P. Electric Traction on Railways 8vo, *9 00 

Deerr, N. Sugar Cane 8vo, *7 00 

Deite, C. Manual of Soapmaking. Trans, by S. T. Bang 4to, *5 00 

DelaCoux, H. The IndustrialUses of Water. Trans, by A. Morris. 8vo, *4 50 

Del Mar, W. A. Electric Power Conductors 8vo, *2 00 

Denny, G. A. Deep-level Mines of the Rand 4to, *10 00 

Diamond Drilling for Gold *5 oo- 

De Roos, J. D. C. Linkages. (Science Series No. 47.) i6mo, o 50 

Derr, W. L. Block Signal Operation Oblong i2mo, *i 50 

Maintenance-of-Way Engineering (In Preparation.) 

Desaint, A. Three Hundred Shades and How to Mix Thera 8vo, *8 00 


De Varona, A. Sewer Gases. (Science Series No. 55.) i6mo, 050 

Devey, R. G. Mill and Factory Wiring. (Installation Manuals Series.) 

i2mo, *i 00 

Dibdin, W. J. Purification of Sewage and Water 8vo, 6 50 

Dichmann, Carl. Basic Open-Hearth Steel Process i2mo, *3 50 

Dieterich, K. Analysis of Resins, Balsams, and Gum Resins 8vo, *3 00 


JDodge, u. iJ. jyiagrams lor JJesigmng Reinforced Concrete Structures, 


folio, *4 00 

Dommett, W. E. Motor Car Mechanism :2mo, ’*'1 25 

Dorr, B. F. The Surveyor’s Guide and Pocket Table-book. 

161110, morocco, 2 00 

Down, P. B. Handy Copper Wire Table i6mo, *100 

Draper, C. H. Elementary Text-book of Light, Heat and Sound . . i2mo, i 00 

Heat and the Principles of Thermo-dynamics lamo, *2 00 

Dron, R. W. Mining Formulas mmo, i 00 

Dubbel, H. High Power Gas Engines 8vo, *5 00 

Duckwall, E. W. Canning and Preserving of Food Products 8vo, *5 00 


Dumesny, P., and Noyer, J. Wood Products, Distillates, and Extracts. 

8vo, *4 50 

Duncan, W. G., and Penman, D. The Electrical Equipment of Collieries. 

8vo, *4 00 

Dunstan, A. E., and Thole, F. B. T. Textbook of Practical Chemistry. 

i2mo, *i 40 

Duthie, A. L. Decorative Glass Processes. (Westminster Series.) .8vo, *200 


Dwight, H. B. Transmission Line Formulas 8vo, *2 00 

Dyson, S. S. Practical Testing of Raw Materials 8vo, *500 

Dyson, S. S., and Clarkson, S. S. Chemical Works 8vo, *7 50 

Eccles, R. G., and Duckwall, E. W. Food Preservatives. . . .8vo, paper, 0 so 

Eccles, W. H. Wireless Telegraphy and Telephony (In Press.) 

Eck, J. Light, Radiation and Illumination. Trans, by Paul Hogner, 

8V0, "''2 50 

Eddy, H. T. Maximum Stresses under Concentrated Loads 8vo, i 50 

Edelman, P. Inventions and Patents lamo. (In Press.) 

Edgeumbe, K. Industrial Electrical Measuring Instruments 8vo, 

Edler, R. Switches and Switchgear. Trans, by Ph. Laubach. . .8vo, *4 00 

Eissler, M. The Metallurgy of Gold 8vo, 7 50 

The Metallurgy of Silver 8vo, 4 00 

The Metallurgy of Argentiferous Lead 8vo, 5 00 

A Handbook on Modern Explosives 8vo, 5 00 

Ekin, T. C. Water Pipe and Sewage Discharge Diagrams folio, *3 00 

Electric Light Carbons, Manufacture of 8vo, 1 00 

Eliot, C. W., and Storer, F. H. Compendious Manual of Qualitative 

Chemical Analysis i2mo, *i 25 

Ellis, C. Hydrogenation of Oils 8vo, *4 00 

Ellis, G. Modern Technical Drawing 8vo, ■■■2 00 

Ennis, Wm. D. Linseed Oil and Other Seed Oils 8vo, *4 00 

Applied Thermodynamics 8vo, *450 

Flying Machines To-day i2mo, *4 50 

Vapors for Heat Engines i2mo, *i 00 



jtiwmg, A. j . JYiagneuc Juaucuon m iron avo, *4 on 

Fairie, J. Notes on Lead Ores i2mo, ' *i on 

Notes on Pottery Clays lamo, *i 50 

Fairley, W., and Andre, Geo. J. Ventilation of Coal Mines. (Science 

Series No, 58.) i6mo, 0 50 

Fairweather, W. C. Foreign and Colonial Patent Laws 8vo, *3 00 

Falk, M. S. Cement Mortars and Concretes 8vo, *2 50 

Fanning, J. T. Hydraulic and Water-supply Engineering 8vo, *5 00 

Fay, 1 . W. The Coal-tar Colors 8vo, *4 00 

Fernbach, R. L. Glue and Gelatine 8vo, *3 00 

Chemical Aspects of Silk Manufacture i2mo, *i on 

Fischer, E. The Preparation of Organic Compounds. Trans, by R. V. 

Stanford i2mo, *i 25 

Fish, J. C. L. Lettering of Working Drawings Oblong 8vo, 1 on 

Mathematics of the Paper Location of a Railroad, .paper, i2mo, *0 25 

Fisher, H. K. C., and Darby, W. C. Submarine Cable Testing . . . .8vo, *3 50 

Fleischmann, W. The Book of the Dairy. Trans, by C. M. Aikman. 


8vo, 

Two Volumes. 8vo. 


4 00 


Fleming, J. A. The Alternate-current Transformer 

Vol. 1 . The Induction of Electric Currents 

Vol. n. The Utilization of Induced Currents 

Fleming, J. A. Propagation of Electric Currents 8vo, 

A Handbook for the Electrical Laboratory and Testing Room. Two 

Volumes 8vo, each, 

Fleury, P. Preparation and Uses of White Zinc Paints 8vo, 

Flynn, P. J. Flow of Water. (Science Series No. 84.) i2mo, 

— — Hydraulic Tables. (Science Series No. 66.) i6mo, 

forgie, J. Shield Tunneling 8vo. {In Press.) 

Foster, H. A. Electrical Engineers' Pocket-book. {Seventh Edition.) 


Engineering Valuation of Public Utilities and Factories 8vo, 

Handbook of Electrical Cost Data 8vo {In Press.) 

Foster, Gen. J. G. Submarine Blasting in Boston (Mass.) Harbor 

Fowle, F. F. Overhead Transmission Line Crossings i2mo, 

The Solution of Alternating Current Problems 8vo {In Press.) 

Fox, W. G. Transition Curves. (Science Series No. no.) i6mo. 

Fox, W., and Thomas, C. W. Practical Course in Mechanical Draw- 
ing i2mo 

Foye, J. C. Chemical Problems. (Science Series No. 69.) i6mo, 

Handbook of Mineralogy. (Science Series No. 86.) i6mo, 

Francis, J. B. Lowell Hydraulic Experiments 4to, 

Franzen, H. Exercises in Gas Analysis i2mo, 

French, J. W. Machine Tools, 2 vols 

Freudemacher, P. W. Electrical Mining Installations. (Installation 


00 

00 

GO 


00 

50 

50 


o 50 


leather, 

5 

00 

... 8vo, 

*3 

00 

; Press.) 

or 4to, 

3 

50 

. . i2mo. 

*r 

50 

i. Press.) 

. . i6mo. 

0 

50 

1 Draw- 

. . i2mo. 

I 

25 

. . i6mo, 

0 

SO 

. . i6mo. 

0 

50 

. . . .4to, 

15 

00 

, . . i2mo. 


00 

. .. .4to, 

*15 

00 


Fuller, u. w. liivesugation.s into the Purification of the Ohio River, 

4to, *10 

Fumell, J. Paints, Colors, Oils, and Varnishes 8vo. *i 

Gairdner, J. W. I. Earthwork 8vo {In Press.) 

Gant, L. W. Elements of Electric Traction 8vo, *2 

Garcia, A. J, R. V. Spanish-English Railway Terms 8vo, "4 

Garforth, W. E. Rules for Recovering Coal Mines after Explosions and 

Fires i2mo, leather, ] 

Garrard, C. C. Electric Switch and Controlling Gtax. . . .{In Press.) 

Gaudard, J. Foundations. (Science Series No. 34.) i6mo, c 

Gear, H. B., and Williams, P. F. Electric Central Station Distribution 

Systems 8vo, * 

Geerligs, H. C. P. Cane Sugar and Its Manufacture 8vo, * 

Geikie, J. Structural and Field Geolo^ 8vo, * 

Mountains. Their Growth, Origin and Decay 8vo, " 

The Antiquity of Man in Europe 8vo, 

Georgi, F., and Schubert, A. Sheet Metal Working. Trans, by C. 

Salter 8vo, 

Gerber, N. Analysis of Milk, Condensed Milk, and Infants’ Milk-Food. 8vo, 
Gerhard, W. P. Sanitation, Watersupply and Sewage Disposal of Country 

Houses i2mo, 

Gas Lighting (Science Series No. in.) i6mo, 

Household Wastes. (Science Series No. 97.) i6mo, 

House Drainage. (Science Series No. 63.) i6mo, 

Gerhard, W- Sanitary Drainage of Buildings, (Science Series No. 93.) 

i6mo, 

Gerhardi, C. W, H. Electricity Meters 8vo, 

Geschwind, L. Manufacture of Alum and Sulphates. Trans, by C. 

Salter 8vo, 

Gibbs, W. E. Lighting by Acetylene izmo, 

Gibson, A. H. . Hydraulics and Its Application 8vo, 

Water Hammer in Hydraulic Pipe Lines lamo, 

Gibson, A. H., and Ritchie, E, G. Circular Arc Bow Girder 4to, 

Gilbreth, F. B. Motion Study i2mo, 

Bricklaying System 8vo, 

Field System nmo, leather, 

Primer of Scientific Management lamo, 

Gillette, H. P. Handbook of Cost Data i2mo, leather, 

Rock Excavation Methods and Cost lamo, 

and Dana, R. T. Cost Keeping and Management Engineering . 8vo, 

and Hill, C. S. Concrete Construction, Methods and Cost....8vo, 

Gillmore, Gen. Q. A. Limes, Hydraulic Cements and Mortars 8vo, 

Roads, Streets, and Pavements i2mo, 

Godfrey, E. Tables for Structural Engineers i6mo, leather, 
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Jlobart, Jtl. JM. Heavy Electrical Engineering 8vo, 

Design of Static Transformers i2mo, 

Electricity 8vo, 

Electric Trains 8vo, 

Hobart, H. M, Electric Propulsion of Ships 8vo, 

Hobart, J. F. Hard Soldering, Soft Soldering and Brazing lamo, 

Hobbs, W. R. P. The Arithmetic of Electrical Measurements. .. .i2mo, 

Hoff, J. N. Paint and Varnish Facts and Formulas i^mo. 

Hole, W. The Distribution of Gas 8vo, 

Holley, A. L. Railway Practice folio. 
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Southcombe, J. E. Chemistry of the Oil Industries. (Outlines of In- 
dustrial Chemistry.) 8vo, *3 00 
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Cranes and Hoists. Trans, by C. Salter i2mo, i 25 
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